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Section I

INTRODUCTION

The principal objective of the Closed Loop Fire Control System (CLFCS) program is to assess

the feasibility of incorporating first burst strikepoint observations into the fire control solu-

tion for improved second burst effectiveness. Fundamentally, the problem is to deduce from

a strikepoint observation at time t the bias components of the fire control error which
existed at the instant of firing, t , where t2 - t is an interval slightly greater than the pro-

jectile time of flight.

Among the specific sources of fire control bias error which the CLFCS concept seeks to

reduce or eliminate are:

* Range estimation error,

0 -, -Veocity estimation error, including wind and target velocity') -, -

- v.Gin boresight error.

In general, the CLFCS is capable of removing any error component whose correlation time is

long in comparison with the bullet time of flight. -,

The system which has been designed incorporates Kalman aircraft and target state estimators.

These provide the basis for an optimized open loop firing solution and the accurate estimation

of the true target sightline existing at the instant of strikepoint observation. This latter capa-

bility involves the interpolation between target sightings prior to and after the strikepoint

sighting by means of the target state estimator transition process. The closed loop fire con-

trol function is thereby dependent upon the accurate linear and angular velocity outputs of the

aircraft state estimator.

Should the tactical situation preclude the expenditure of the time required for a strikepoint

error observation, the open loop fire control solution affords an improved effectiveness in

comparison with existing AH-1 gunnery systems. This is mainly due to the superior mea-

surement and estimation of aircraft velocity.

I-I1,



Section 2

FORMULATION OF THE CLOSED LOOP FIRE CONTROL SYSTEM

2.1 OVERVIEW

In agreement with the approach presented in the Technical Proposal (Reference 1), the system

formulation consists of the following four segments:

i * Aircraft state estimator

* Target state estimator

* Open loop fire control computations

* Closed loop fire control computations

The relationship among these is illustrated by Figure 2-1.

This section is organized into subsections which summarize the characteristics of the aircraft

and target state estimators, review certain tactical considerations which provide a basis for

CLFCS design, convey the details of the design and performance of the estimators, and set

forth the details of the open and closed loop fire control computations.

2.2 SUMMARY OF KALMAN ESTIMATOR CHARACTERISTICS

2.2.1 AIRCRAFT STATE ESTIMATOR

Table 2-1 lists the prominent design features of the aircraft state estimator, and Table 2-2

gives an overall indication of its performance.

The output of the aircraft state estimator consists of 12 state variables describing the angular

velocity, linear acceleration, linear velocity, and vertical axis direction in vehicle coordinates.

,r It utilizes a constant gain matrix, which alleviates the computational burden on the CDC 469

processor in such a fashion that a full-up software capability exists immediately after power is

applied (or restored after an interruption) to the CLFCS.

2-1



Table 2-2 conveys an appreciation for the ov,'rall performance of the aircraft state estimator.

Both the input sensor errors and the estimator output errors are exprssed in terms of the

resultant of the rms errors appearing in each of three axes of information. The error attenua-

tion column places in evidence the fact that the estimator affords a significant improvement (over

2 to 1) in the critical aircraft linear velocity variable. A comparison of the performance of

the aircraft state estimator with full Kalman gain computation with that of the fixed gain ver-

sion reveals that the simplification to fixed gains increases the output errors by only about

10%.

SENSORS

! MPACTb

CLOSED-LOOP
FIRE CONTROL
ALGORITHM

IMI-

AIR AIRCRAFT

DATA 

CLATE

ESTIMATOR IO
VERT FIRE CONTROL

REF, ALGORITHMW V COMPUTED
Rs GUNLINE

SGTETAT + -
ESTIMTOR R s + CALIBRATED

PARTITIONED >
KALMAN
ESTIMATOR IUNCALIBRATED

~Figure 2-1. Closed Loop Fire Control Software Organization
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TABLE 2-1

SURVEY OF AIRCRAFT STATE ESTIMATOR DESIGN

TYPE - Fixed gain Kalman, 12 output state variables, 12 input observations

OUTPUT STATE VARIABLES

0 Aircraft angular velocity

a Aircraft linear acceleration

a Aircraft linear velocity (inertially augmented airspeed)

0 Vertical axis direction in aircraft coordinates

GAIN MATRIX

0 Total of 31 gains

* Primary, diagonal gains - 12

0 Off-diagonal gains - 19

TABLE 2-2

SURVEY OF AIRCRAFT STATE ESTIMATOR PERFORMANCE

Error Attenuation
State Information Sensors Sensor Errors Output Errors* Ratio__

Aircraft Angular Rate Integrating 1. 22 mrad/sec 0. 746 mrad/sec 1/1. 64 = -4.3 dB

Velocity Gyroscopes

2 2
Aircraft Linear Linear 0.416 ft/sec 0. 254 ft/sec 1/1.64 -4.3 dB

Acceleration Accelerometers

Aircraft Linear Air Data 31. 9 ft/sec 15.1 ft/sec 1/2.11= -6.5 dB

Velocity System

j Vertical Axis Pitch/Roll Gyro 33.9 mrad 11.8 mrad 1/2. 87 = -9. 2 dB
Direction

* All errors are resultant rms over three axes.
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2.2.2 TARGET STATE ESTIMATOR

Tables 2-3 and 2-4 summarize the design features and performance of the target state estima-

tor.

The target state estimator utilizes the full Kalman gain update algorithm, but operated at a

rate of 6 updates per second in comparsion with the main frame rate of 30 per second. This

allows the significant burden of the gain computations to be dispersed over 5 frames, thereby

reducing the total amount of computation to be executed each frame. The sacrifice in per-

formance is shown to be insignificant.

In the case of the target state estimator, the principal advantage of on-line Kalman gain compu-

tation is that it automatically accommodates the wide variations in target/aircraft geometries

TABLE 2-3

SURVEY OF TARGET STATE ESTIMATOR DESIGN

TYPE - Kalman with on-line gain computation, 4 output states, 6 auxiliary states, 3 input

observations

OUTPUT STATE VARIABLES

* Estimated target line-of-sight direction cosines relative to aircraft coordinate

frame.

a Range, based upon updating an initial pilot estimate by kinematic processes

within the estimator.

GAIN MATRIX

W U 10 rows, 3 columns - 30 elements.

a Execution of gain update algorithms distributed over 5 main f',me iterations -

i.e., 6 gain updates/sec.
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TABLE 2-4

SURVEY OF PERFORMANCE OF TARGET STATE ESTIMATOR
i Error Attenuation

State Information Sensors Sensor Errors Output Errors Ratio

Los Direction Pantographic 9.80 mrad* 3. 82 mrad* 1/2. 56 = -8.2 dB
Cosines Sight

Range None 500 ft** 410 ft 1/1.22 = -1.7 dB

* Los errors are resultant rms over three axes.

** Assumed error in initial estimate.

which are found to require significant adjustment in the gain values. The development of em-

pirical adjustment rules for a set of fixed gains was found to be difficult and of questionable

validity over the full operation envelope.

The target state estimator has 4 primary state variables describing the target line-of-sight

(LOS) direction and range relative to a vehicle coordinate frame. The only observations are

the LOS direction cosines so that the updating of range from an initial handset value is based

upon kinematic proceE ,es within the target state estimator combined with the estimate of

velocity furnished by the aircraft state estimator

Auxiliary state variables describe the error in the velocity output of the aircraft state estimator

as a measure of the relative velocity of the aircraft with respect to a possibly moving target,

and also the lowband errors in the pantographic sight direction cosines, which result largely

from gunner tracking error.

Table 2-4 shows that the target state estimator is quite successful in attenuating the tracking

error introduced by the gunner. The error attenuation ratio is about 2. 5 to 1, in fact. This

reflects directly into an improvement in gunnery effectiveness in comparison with existing AH-1

fire control systems, including the "J" version, which do not incorporate a target state estima-

tor, but rather use the sight outputs in their unfiltered form.
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2.3 OPERATIONAL CONSIDERATIONS

The designs of both the aircraft and target state estimators are based upon certain assump-

tions regarding the magnitudes of the linear and angular motions of the AH-1 aircraft during

f . CLFCS deployment. Moreover, there are certain operational constraints which should be

placed in evidence.

2.3.1 CLFCS DEPLOYMENT CONSTRAINTS

2.3.1.1 Nap-of-the-Earth Flight Environment

The evolution of armed helicopter tactics has progressed toward increased emphasis of the

nap-of-the-earth (NOE) flight regime characterized by:

9 3 to 5 ft ground clearance

W Relatively low speed, below 60 knots in most cases

m Minimum exrosure above foliation and terrain masks.

For strict adherence to the NOE flying doctrine, an obvious, but not necessarily appropriate,

CLFCS deployment sequence would be as follows:

n NOE navigation to a selected attack point.

W Pop-up to an altitude barely sufficient to acquire the target LOS and at a range of

about 5000 ft (1524 m).

a Fire a short, precisely aimed initial burst, observe the strikepoint and incorporate

into the fire control solution.

• Fire one or more calibrated bursts.

• Assess target damage.

0 Return to terrain/foliation mask and depart target area.

2.3.1.2 Exposure Time

Table 2-5 iniparts some appreciation for the probable timing of the above listed engagement

events. The long exposure time to enemy air defenses is obvious. A reduction in range to

2-6 .4
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TABLE 2-5

TIMING OF ENGAGEMENT EVENTS - POP-UP/STANDOFF ATTACK

TARGET RANGE = 5000 FT 1524 M

0 Pop-up from terrain/foliation mask
5 Guner handsets range estimate, acquires precise target track,

depresses trigger for initial, short firing burst
(time-of-flight z3 sec).

6 Trigger released.

8 First round impacts target area. Gunner breaks target track
and begins to acquire burst controid.

9 Last round impacts.

10 Gunner completes burst centroid acquisition and keys CLFCS
computer for incorporation of strikepoint error into fire con-
trol solution.

12 Gunner reacquires target, depresses trigger for calibrated

firing burst.

14 Trigger released.

15 First round impacts.

17 Last round impacts. Gunner assesses damage.

20 Aircraft returns to terrain/foliation mask and departs target
area.

4000 ft (1219 in) reduces the time-of-flight to about 2 sec, and hence the overall duration of

the engagement to 18 sec. However, the vulnerability to enemy air defense systems is

increased. Increasing the range to 6000 ft (1829 m) increases the time-of-flight to about 4

sec and the duration of the engagement to 22 sec. This degrades the effectiveness of the

M-56 20 mm round md does not significantly alter the vulnerability of the aircraft.

2-7
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K7
It might be proposed that the aircraft return to mask between the two firing bursts, but this
would often prevent the gunner from accurately observing the bullet strikepoints, due, for

example, to the merging or movement of the dust, smoke, or debris. Also, if the target area

is well foliated or marshy, the gunner must actually perceive the impacts as they occur since

there is no persistent indication of their location. Accordingly, we feel that there is no alter-

native to the aircraft remaining exposed during the entire engagement episode.

2.3.1.3 The Observation of the Elevation Strikepoint Error Component

A second problem to be recognized is the difficulty of observing the elevation component of the

strikepoint error from very low altitudes with respect to the target. Assuming as a case

typical of the NOE flight environment that the aircraft and target are at the same altitude, the

M-56 20 mm projectile angle of fall at 5000 ft range is about 4.4 ° . This means that a 500 ft

range error, considered typical for the initial handset estimate, would produce a 39 ft strike-

point error in elevation - sufficient to cause the projectile to entirely miss the target, falling

short or long by the amount of the range error, assuming an otherwise perfect fire control

solution. But, if the aircraft and target are co-altitude, this very substantial strikepoint error

would not be observable unless the target were located on a hillside.

In general, there appear to be two alternative solutions to this problem:

* Measure range with a laser and thereby reduce the range uncertainty to 50 ft

or less, and the resulting elevation strikepoint error to 4 ft or less.

* Operate at a significant altitude above the target - about 10% of slant range is

found to be an appropriate altitude advantage.

ri In that the prototype CLFCS does not include a rangefinder, it is recommended that the second

approach be incorporated into the flight test plan. This will permit the elevation component

of the strikepoint error to be observed and the appropriate compensation for it to be incorporated

into the calibrated burst fire control solution. However, it is also recommended that future

versions of the CLFCS include a laser rangefinder so as to facilitate operation in the NOE

environment.

2.3.1.4 Limited Train Capability of the Pantographic Sight

Use of the pantographic sight at train angles above 500 from the aircraft's longitudinal refer-

ence axis becomes difficult and uncomfortable. An upper limit to the sight train angle is

2-8



I understood to be 800 (not to be conffused with the niechwmcal limit of 1100). This limitation

restricts the aircraft maneuvers which may be executed during a target engagement.

2.3.1. 5 Summary of Target Engagement Assumptions

The key target engagement assumptions, which bear upon the design of the prototype CLFCS

and its deployment in future flight tests, are now summarized.

Although the pop-ul 'standoff engagement described in Section 2.3. 1. 1 and Table 2-5 adheres to

the NOE flying doctrine, the 20 sec exposure time in hovering flight and within the effective

range of a potential enemy air defense threat appears to unnecessarily compromise aircraft

survivability. Therefore. the CLFCS has been designed to accommodate reasonable linear and

angular motions of the aircraft during the target engagement, subject, of course, to the train

limitation of the pantographic sight. Although the flight test of the CLFCS should include

hovering attacks, offset straight-line and veer-off attacks may also be utilized.

Tables 2-6 and 2-7 summarize the considerations of aircraft altitude above the target for

elevation strikepoint observability and of the sight train limitation. The aircraft and target

state estimators have been designed and simulated for offset straight-line and veer-off courses

in which the altitude of the aircraft above the target is 500 ft or more and the maximum

resultant angle between the LOS ani the aircraft's longitudinal reference axis is about 850;

this angle includes both the elevation and train components.

2.3.2 AIRCRAFT PERFORMANCE ASSUMPTIONS

Table 2-8 summarizes the assumptions made relative to the aircraft linear and angular motions

which could occur during an attack episode. These are based upon the premise that the tactical

use of the CLFCS could involve the maintenance of a substantial aircraft velocity to counteract

the prolonged exposure to a potential air defense threat.

Although the simulated target engagements used in the process of designing the aircraft and tar-

get state estimators are b tsed upon the assumptions listed in Table 2-8, this in nowise pre-

eludes the use of hover attacks as part of the prototype CLFCS flight test.

2-9
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TABLE 2-6

OBSERVABILITY OF THE ELEVATION STRIKEPOINT ERROR COMPONENT

ALTITUDE ADVANTAGE OF AIRCRAFT RELATIVE TO TARGET

* The altitude of the aircraft above the target = H

- The slant range = R

a To render the elevation component of bullet impact error observable,

(H/R) > 0.10

JUSTIFICATION

* AE = Elevation impact error - Angular miss

* AR = Raage impact error - Linear miss

A- ,- AR N' E AR H H
0_ Ar +AR) E\ R + ARIkH

A With + 0. 1, AE 0. 010 rad, which is marginally observable

TABLE 2-7

SIGHT TRAIN LIMITATION

SPECIFICATION OF THE LIMITATION

0 The train angle between the longitudinal reference axis of the

aircraft and the target LOS should not exceed 80 ° during CLFCS

deployment.

IMPLICATION - Restricted Target Engagement Options

* Pop-up/stand-off at 5-6 kft - High vulnerability to AA attack

0 Veer-off engagement with long range/low angle-off target

acquisition -Fire control problem for AA made more difficult,

aircraft/target separation increased at end of engagement -

veer-off must be delayed and must be very mild to accommodate

sight limit. 2-I0
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TABLE 2-8

AIRCRAFT PERFORMANCE ASSUMPTIONS

APPLICABILITY - Approach to attack point, attack,and escape from

target area.

AIRCRAFT STATE VARIABLES

a Nominal Aircraft Velocity = 200 ft/sec = 118. 5 knots

a Maximum Aircraft Velocity = 250 ft/sec = 148. 1 knots

* Nominal Aircraft Attfitude: Roll = 0 °

Pitch*= -6°

a Maximum Load Factor = 2 g's

a Maximum Angular Velocities: Roll = 40 deg/sec

/ Pitch = 10 deg/sec

Yaw = 15 deg/sec

2.3.3 DESCRIPTION OF TARGET ENGAGEMENTS

The straight-line and veer-off engagements selected for use in the design and analysis of the

aircraft and target state estimators are described in Table 2-9 and illustrated in Figure 2-2.

The particular manner in which these were used is discussed in detail in Section 2.4.

As indicated in Table 2-9, the build-up and decay of aircraft acceleration in the veer-off attack

is not abrupt. Rather, it follows an exponential functionwhich is illustrated Figure 2-3. This

is believed to simulate the procedure the pilot would use to implement a direction change.

A plausible CLFCS deployment episode is portrayed in Table 2-10, which lists the time,
range, and total LOS angle (essentially the resultant of elevation and train) for each of the key

engagement events. Time is calculated from the initiation of the engagement, as shown in

Figure 2-2.
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TABLE 2-9

DESCRIPTION OF ENGAGEMENTS ASSUMED FOR
KALMAN ESTIMATOR DESIGN AND SIMULATION

STRAIGHT-LINE COURSE - Used for design

N Initial target range =10 lt

a Initial target angle = 100

Constant velocity 200 ft/sec

Constant altitude 500 ft

VEER-OFF COURSE - Used for simulation

* Same initial conditions as straight-line course -

Velocity heading = -10 °

• At 22. 5 sec initiate climbing veer-off away from target with

exponential build-up of path curvature and longitudinal acceleration

• At 32. 5 sec hiitiate roll-out into straight, climbing flight path with

exponential decay of acceleration

* Outgoing leg - velocity = 240 ft/sec, Heading = -51 ,

Climb angle = 210

In Sections 2. 5. 3 and 2.6. 5 a compressed version of the engagement episode described by

Table 2-10 is utilized for verification of the open and closed loop fire control algorithms. In

it the first firing burst occurs at 24 sec and the second, at 30 sec. These firing times are

selected so that both bursts occur during the period of significant aircraft angular velocity.
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TABLE 2-10

TIMING OF ENGAGEMENT EVENTS - VEER-OFF ATTACK

Total
Time Range Los Angle Event
(Sec) (Kft) (Deg)

20 6.12 16.5 Trigger depressed for uncalibrated open-loop
firing burst. Time-of-flight Z 4 sec.

21 5.93 17.0 Trigger released.

24 5.36 19. 8 First round impacts.

25 5.18 23.4 Last round impacts.

26 5.00 28.2 Gunner breaks target track.

28 4.66 39.1 Gunner acquires burst centroid.

30 4.38 51.2 Gunner reacquires target.

31 4.27 57.7 Trigger depressed for calibrated firing burst.
Time-of-flight - 2 sec.

33 4.11 71.3 Trigger released. First round impacts.

35 4.05 85.3 Last round impacts.

2.4 DESIGN OF THE PARTITIONED KALMAN ESTIMATOR FOR THE CLFCS

2.4.1 COORDINATE FRAMES

The three coordinate frames utilized in the mathematical formulation of the CLFCS are

illustrated in Figure 2-4. They are defined below.

2.4.1.1 Pseudo -Geographic Reference Coordinate Frame

The pseudo-geographic reference coordinate frame is defined as a matter of convenience for

4the purpose of developing the basic dynamic relationships for the aircraft and target state

transition processes. Its axes are

x = Horizontal azimuth reference axis (e.g., North)

y = Horizontal axis orthogonal to x (e.g., West)

z = Vertical axis pointing upward (z x x y)
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The effoct of gyro bias drift and earth rate are considered insignificant in the CLFCS, which

means tlt x y z need not be defined as an absolute inertial reference frame. In the case of

an aircraft moving at 200 ft/sec, a two-earth rate angular velocity uncertainty (30 , 1)

contributes a 0. 39 ft. uncertainty in aircraft position after 20 seconds. As will be shown in

the sequel, the aircraft state estimator incorporates terms which compensate for the rola-

tively large angular velocity uncertainties resulting from gyro misalignment.

2.4.1.2 Vehicle Coordinate Frame

This is the principal coordinate frame in the CLCS formulation. Its axes are defined as

follows.

u - Longitudinal reference axis.

v = Lateral axis in the plane of the aircraft's deck, orthogonal to u, and
extending to the left.

w - Normal axis, mutually perpendicular to u and v, and extending upward.

All sensor information is furnished to the aircraft and target state estimators in the vehicle

coordinate frame. In particular, thu sensor elements of the CLFCS inertial measurement

unit (IMU) are aligned to u, v, and w. Indeed, the sensitive axes of the IMU represent the

physical embodiment of the u v w axis set.

2. 4. 1. 3 Sightline Coordinate Frame

Although the pantographic sight does not possess definite gimbal axes, it is lhelpful in des-
cribing the motion of the LOS to establish a sightline axis set. Let

s -Unit vector along the LOS

c The effective elevation gimbal axis of the LOS, orthogonal to s, lying in
the u - v plane, and extending to the left. V

in rh effective traverse gimbal axis of the LOS; in s x C.

f" I 2. 4. 2 FUNDAMENTAL DYNAMIC RELATIONSHlIPS

The transition processes for the aircraft and target state estinators are based upon dynamic

relationships which describe the most probable behavior of the aircraft and target. Those are

now developed for each of the principal elements of state.
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2.4.2.1 A.rcraft Angular Velocity

In the case of a fixed wing aircraft, a strong coupling exists between the angular and linear

motion states because the behavior of the aircraft is essentially coordinated - tlat is, changes

in the direction of the velocity vector are implemented by altering the magnitude and direction

of the lift vector, vith lateral acceleration maintained close to zero. This coupling can be

exploited so as to improve the estimation of aircraft state. Although the behavior of a hell-

copter at a significant velocity (iLe. , above 40 knots) is similar to that of a fixed wing aircraft,

it seems inappropriate to assume coordination, since at lower velocities the helicopter pilot

can implement sideward and backward translations without rotating the aircraft. Hence, for

the sake of accommodating all possible flight conditions, the design of the aircraft state esti-

mator is based upon the proposition tlutt the angular and linear ,notion states of the helicopter

can vary independently.

According to this assumption, the output of each of the IMU gyros is regarded as correct,

except for a lowba d error process. The Kalman filter develops estimates of each of these

errors rather than the entire tmuount of the angular velocity. The sum of the estimated

error and the associated gyro output then represents the angular velocity of the aircraft.

ro further articulate this arrangement, lot the following be defined.

v w = True aircraft anguhu' velocity vector

A
W Estimated valuo of wv

= Measured value of w •. te. the outputs of theu v w IMU gyros

AL= ( -t

At v w v w it v w

, The error in the IMU gyro readings

A
:uA V W Estimated value of Ait v W

The Kalman filter develops values for the components of ALL, u V W, hs iethnaddt
the measured components outside of the filter too) to reconstruct the total angular velocity

estimate.

A A'1it v %v 1 v \V I v w
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2.4.2.2 Aircraft Linear Acceleration

Ai arrangement similar to that described in Section 2.4. 2. 1 is used for the estimation of

aircraft linear acceleration. Let the following be defined.

au v w True aircraft linear acceleration

Aa v w Estimated value of a

Z u v w True vertical axis direction relative to u v w

A
z - Estimated value of z

fu v w = True specific force from the IMU accelerometers

-- a - gzu v w uv w

f U Measured specific force

-f u vw u v w u w

= The error in the IMU accelerometer readings
A

Afu = Estimated value of Afv w

A A
The actual output of the Kalman filter is Af vw" Reconstruction of a is according touvw* u vw

A A A
a f -gz Af (2)u vw uvw uvw uvw

and takes place outside of the filter loop

2.4.2.3 Aircraft Linear Velocity

Updating the aircraft linear velocity in the rotating u v w coordinate frame involves the esti-

mated values of both the angular velocity and linear acceleration. In addition to the variables

defined above in Section 2.4.2.1 and 2.4.2.?., let

A
V ~ Estimated aircraft velocity, which is actually inertially

u v w augmented airspeed.

A
dV A

u v w The derivaive of V as computed in the rotating u v w frame.
du vw
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The velocity transition process is based upon the relationship

d a A A
du v w  a - XV (3)d t u vw u vw uv w

In this equation, a v w represents the acceleration of the aircraft relative to the reference

x y z coordinate frame, but as expressed in terms of its u v w components. The term
A

u v w x V U v W) represents the apparent velocity change which is produced by the rotation

of the u v w axis set. , I

A
Given a value for Vu v w (t), the value at time t + At is, to a first-order approximation,

A A a A
Vuv (t+ t)= v (t) + a (t) - uvw (t) x V (t (4)

2.4.2.4 Vertical Axis Direction

Since the vertical axis direction remains constant relative to the reference x y z coordinate

frame, its apparent rate of change in the u v w axis set is due only to the rotation of u v w.

Following the same pattern as in Section 2.4.2.3, let

4 A
du v w The derivative of

dt z u as computed in the rotating u v w frame.
d t

Then

dz A A
uvw - xz (5)uvw uvw

The transition from time t to time t + At is approximated by

A (t + At) A At[W(t) X Z (t)
z uvx u v v (t)- uvw u (6)

2.4.2.5 Line-of-Sight Direction and Range

Beyond its role as part of the target state estimator, the transition process for LOS direction

and range is important for two reasons.

I It perpetuates the estimate of target state through periods of obscuration.
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* It perpetuates the estimate of target state through periods of gunner closed loop
fire control activity.

As exhibi.ed by Tables 2-5 and 2-10, there will be an interval of several seconds during an

engagement when the gunner is perceiving the centroid of the burst strikepoints, acquiring

this point with the pantographic sight, signalling the computer when burst acquisition has been

accomplished, and reacquiring the target. It is conceivable that at any point during this period

the need for continued fire on the target may arise. The target state estimator and CLFCS

fire control computations are so designed that a viable fire control solution exists at all times

during the engagement. This assures that the gun is continuously aimed, according to the best

estimate of target position, regardless of whether the gunner is tracking the target at any par-

ticular instant.

The expected value of target velocity is zero. Hence, the rate of change of target LOS direc-

tion and range, as expressed in the u v w vehicle coordinate frame, is determined by aircraft

linear and angular velocity, as established by the aircraft state estimator. Provision is made

for stochastic quantities which describe the error between the estimated aircraft velocity and

the true velocity of the aircraft relative to the target.

In addition to the variables defined above in Sections 2.4. 2. 1 througn 2.4. 2.4, let the follow-

ing be defined.

R = Position vector of the target relative to the aircraft; with I R 1= R, we

may say that R = R s.

A V = Pseudo target velocity.

d R = Derivative of the components of R in the rotating u v w coordinate frame.

Concerning the pseudo target velocity, if V is the velocity of the aircraft relative to a possibly

moving target, then

* A
V V - AV (7)

A
where we recall that V is the estimated aircraft velocity, being actually the inertially aug-

mented airspeed.
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The rate of change of R in the rotating u v w coordinate frame is given by

dR *
-d -v -Wxfl

With

R = Rs

and

R - -V S

then the rate of change in s is given by
: V*

ds V + ils
_ - - s(8)

dtR --

Converting equation (8) into a transition equation for the estimate of LOS direction in u v w
coordinates, we have the following:

* A AVu vw (t) = Vu v w (t ) - AV u v w (t )  (9)

(t). s (t) (10)uvw uvw
• () AI (t) A At A

A tA uvw (Suvw +() (t) x su(0 ) (1)Suvw uvw (t) - Atuvw uvw

The accompanying transition equation for range is

A AR (t+ At) R (t) + At R (t) (12)

2.4.3 KALMAN ESTIMATION NOMENCLATURE AND PROCESS EQUATIONS

The Kalman estimator formulation employed in the design of the aircraft and target state esti-
mators is essentially that of Nahi, Reference 1. Appendix A sets forth all the generally appli-
cable nomenclature, process equations, computational flow, and block diagrams. The particu-
lars of the estimator designs are given in Sections 2.4.4 and 2.4. 5 below.

2-22



The elements of the formulation of the aircraft and target state estimators include specifications

for the following:

0 The true state array

• The estimated state array

• The observation array

• The state transition process

* The state to observation conversion process

• The state excitation process

0 The observation noise process

0 The initial state vector and estimation error covariance values

• The generation of the gain matrix

The exposition of both the aircraft and target state estimators will follow this outline.

The results of the analysis of the estimator designs is presented in Section 2.4.6. This analysis

has been accomplished using versions of the Kalman Estimator Analysis Program (KEAP II)

described in Appendix B.

2.4.4 AIRCRAFT STATE ESTIMATOR DESIGN

2. 4. 4. 1 True State Array

The true state array in this case describes the actual flight condition of the helicopter. This

is in contrast to the estimated state array, which describes the approximate flight condition

as developed from sensor readings. The 12 elements of the true state array are defined in

Table 2-11.

2.4.4.2 Estimated State Aray

The composition of the estimated state array differs in two important respects from that of the

true state array:

0 State variables 1 through 6 represent the estimated values of the lowband errors in

the gyro and accelerometer readings rather than the angular velocity and linear

acceleration components as in Table 2- it.
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* The estimated state array includes auxiliary variables required for the generation

of lowband observation noise components.

The elements of the estimated state array are defined in Table 2-12. The auxiliary state

variables 13 through 24 are required only during the process of designing the fLxed gain air-

craft estimator; they are not present in the operational CLFCS as mechanized in the CDC 469

computer.

TABLE 2-11.

AIRCRAFT STATE ESTIMATOR - TRUE STATE ARRAY

x 1 = wu = Angular velocity about u (mrad/sec)

x 2 = ov = Angular velocity about v (mrad/sec)

x3 = • w = Angular velocity about w (mrad/sec)

x4 = au = Linear acceleration along u (ft/sec 2)

x5 = av = Linear acceleration along v (ft/sec2)

x6 = aw  = Linear acceleration along w (ft/sec2

X = Vu = Velocity along nu (ft/sec)

x8 = Vv  Velocity along v (ft/sec)

x9 = Vw = Velocity along w (ft/sec)

xl10 = zu  Vertical axis direction cosine along u (mrad)

X = z v  Vertical axis direction cosine along v (mrad)

x1 2  zw = Vertical axis direction cosine along w (mrad)
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TABLE 2-12.

AIRCRAFT STATE ESTIMATOR - ESTIMATED STATE ARRAY

Principal State Variables

A = Aju = Estimated value of the lowband error in the measurement of wu (mrad/sec)
= Estimated value of the lowband error in the measurement of w (nirad/sec)

A A

= Aw = Estimated value of the lowband error in the measurement of w (mrad/sec)

A A
^ A^ f Estimated value of the lowband error in the measurement of the specific force

A 2x 4  =A f u Esiae= au ftelw~derrb h esrmn fteseii oc

along the u axis (ft/sec2

A A
x 5  = A fv Estimated value of the lowband error in the measurement of the specific force

along the v axis (ft/sec2)

A A
= A f = Estimated value of the lowband error in the measurement of the specific force^2

7 along the w axis (ft/sec

A A
x = V = Estimated value of Vu (ft/sec)

A A
x8  = Vv Estimated value of Vv (ft/sec)

A A
x V = Estimated value of V (ft/sec)

W W

A A
X = zu Estimated value of zu (mrad)

A A

= = Estimated value of z (mrad)

A A
x12= zw = Estimated value of zw (mrad)

Auxiliary State Variables

x = u = Lowband observation noise on the measurement of w (mrad/sec)

x14 = 8 wv = Lowband observation noise on the measurement of wv (mrad/sec)

x 8 w  = Lowband observation noise on the measurement of w (mrad/sec)
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TABLE 2-12 (Continued)

16 f = Lowband observation noise on the measurement of the specific force

component along u (ft/sec)

x 17 = S f = Lowband observation noise on the measurement of the specific force

component along v (ft/sec)

x 18= = Lowband observation noise on the measurement of the specific force

component along w (ft/sec )

^19 = 8 V = Lowband observation noise on the measurement of V (ft/sec)x1 u u

A
x = 8V = Lowband observation noise on the measurement of V (ft/sec)

AV

x21 = SV u 
=  Lowband observation noise on the measurement of V (ft/sec)

A2
x22= 8 zw = Lowband observation noise on the measurement of zw (mrad)

A 8zv = Lowband observation noise on the measurement of z~ (mrad)

A
x 4 8z Lowband observation noise on the measurement of z w(nirad)

L 2.4.4.3 Observation Array

The composition of the observation array is similar to that of the true state array. Its elements

are dc -aed in Table 2-13.

In the case of the IMU gyro outputs, it is convenient to employ the angular increment turned

about a given axis rather than the angular velocity because the gyros are equipped with digital,

pulse torqued readout circuits.
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TABLE 2-13.
AIRCRAFT STATE ESTIMATOR - OBSERVATION ARRAY

Y = u Angular increment about u correziponding to a measurement of the quantity

w At (mrad/frame)U

= ' Angular increment about v corresponding to a measurement of the quantity
w v At (mrad/frame)

Y3 = Angular increment about w corresponding to a measurement of the quantity

wAt (mrad/frame)

4= u = Specific force along u corresponding to a measurement of (-au-gZu) (ft/sec 2)

Y5 = fv = Specific force along v corresponding to a measurement of (-a -gzv) (ft/sec2 )

= w = Specific force along v corresponding to a measurement of (-a -gzw) (ft/sec2

Y7  = V Measurement of Vu (ft/sec)

Y7 ~u

8 = V Measurement of V (ft/sec)

= V Measurement of V (ft/sec)
y9  w W

Y10= Zu Measurement of zu (mrad)

44 Yv Measurement of zv (mrad)

Y12= w Measurement of zw (mrad)
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2.4.4.4 State Transition Process

Referring to Appendix A, the generalized, nonlinear state process is characterized by the

matrix equation

Xk+1 =4(xk) + B uk (13)

The state transition process, P , is a set or vector of equations operating on the present

state at iteration k to yield a forecasted state for iteration k + 1. The partial de,'ivatives of

p with respect to the elements of x and evaluated at xk comprise the state transition matrix,

A (see Appendix A, Section A. 1). This matrix constitutes a linearized description of the be-

havior of the system in the region of state space close to the point xk. As seen in Appendix

A, Section A. 2, the state transition matrix is required for the propagation of covariance as

part of the gain computation. Its elements may either be determined by explicitly differentia-

ting the transition process equations or by numerical differentiation. The former approach

was utilized in the CLFCS program.

The transition process equations are listed in Table 2-14. Note that x* through x* are dummy1 6
variables which reconstruct the components of wuvw and auv for use in subsequent transition

equations. The terms in curly brackets are elements of the vector Bu; they are not part cf the

transition process, but are included to show how the disturbance process, u, enters into the

various elements of state. The mathematical name of each variable and its units are listed

as part of Table 2-14.

The action of the aircraft state estimator can cause the estimate of the vertical axis vector,

Z to depart from unit value. The selected technique for maintaining Zuvwl = 1 is to nor-

malize it near the close of each computer frame. The following equations are utilized:

Q= 1000/ Xl0 (k+l )2 + Xl1 (k+1)2 +x (k +l)

1 (k+l) = Q 1 0  -,i)

X (k+l) = Q x1 1 (k+1)

(k+l) = Q x12 (k+1)
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TABLE 2-14

AIRCRAFT STATE ESTIMATOR - STATE TRANSITION PROCESS

" 1 (k+1) -- (l-alAt) l (k) + {a 1 At U1 } -!A ra/sc

K (k+1) (I - fi) 2 (k) + alAt u U (mrad/sec)

S3 (k+l) = (1 - a IAt) 3 (k) + { A 3 - AV (mrad/sec)

2 At) a 2 At u4  - 2

5(k+l) = (1- a At) X5 (k) + a 2 At u5 } W (ft/sec2 )

X6 (k+l) = (1-a 2A x) (k) + a 2 At u6  - f(ft/sec

xl = xl () + Yl (k'At - u (mrad/sec)

2 ~2(k) y2 k~,A -^ (mnrad,'sec)
x= 5 + (k) + 2(k) At - fv(r/sec

AA A , 2

x= x4 (k) y4 ((Ik) a 3 A ()6/10+0. - af (ft/sec )

A A
= -4 (k) + Y4k) - 217 X (k)'1000. - ai (ftisec2 )

XY 6 k 32.17 (k)1000. - a w (ft'sec )

2 7  4 29

A A

AA A

x9 (k+1) = x 9 (k) + At (x - (xf x9 (k) - x x8 (k) )'1000.) - V (ft:"see)

u

- : 8 k~l) = 8 (k) A2.17 (x (k) -000. a (k) '10.)- v (fesc

IJx9 (k+l) = x (k) + At (x* (x* x8(k x 7 (k) )'1000.) V (fV 'ec
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TABLE 2-i4. (Continued)

K (k+1) = X (k) / t (x* X' (k) - " (k) 1/1000. - (mrad)

, A t~ A

(k+i) l - x (k)- x1 (k))/1000. z (mrad)
A (k) At (X* A k mrA d

K12 (k+l) = 12 (k) - At (x2 (k) - x 10 (k) )/1000. - w (mrad)

(k+) = (I a t x (k) +{ aAt U } - w (mrad/sec)x13 (kl I, 3t x13 (k 3A u13 8wu

X(k+l) = 1-aAt) Xl( a3Atu1v

( - 3 14 (k) + 3At U14  - w (mrad/sec)

x 15 (k+l) = (I a 3t x 15 (k tU 16 S w (rdsc

x16 (k+l) = (1 - a4At) x16 (k) + a 4At u16 8 a u (ft/sec )

X1 7 (k+l) = (1 - a 4 At) x17 (k) + a4At u 1 7 8 av (ft/sec2)

18 (k+l) = (1 - a 4 At) x18 (k) + a 4 At u1 8 8 aw (ft/sec

S(k+l) ( - kt) + a5At u1 8  V (ft/sec)

19  () + { a 5 At 9} Vv(ft/sec)

"20 (k+l) = (1 a 5At) x20 ( + ( 5 At a20 8 - v (ft/sec)

"= ( -^a 5 At) x (k) + a At U a V (ft/sec)x21 5kl 6t x21 5 u21

A
" (k+l)= (I aAt) x2 (k) + a At U 8 z (mrad)

22 (k+) a 6 At) 22 22

"23 (k+l) = (1 - x 2 3I()+ a 6 At u2 3 + a8 z (mrad)

(k+) (- aAt)X 2 4 (k) + a6 At u2 4  8 z (mrad)

2.4.4.5 State to Observation Conversion Process

Referring to Appendix A, the observation process is characterized in general by the equation

Yk -r(xk)+Dvk (15)
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The conversion process I' consists of a vector of equations which tvai.-orm tile state array

into the observation array. As seen from Appendix A, Section A. ?, the partial derivatives of

I' with respect to the elements of x and evaluated at xk comprise the comversion matrix, C

(see Appendix A, Section A. 2). This matrix constitutes a linearization of 1 in the vicinity of

x k

The equations of the conversion process are listed in TalAe 2-15. As can be seen, in tl.e case

of the aircraft state estimator [' is linear so that the elements of C can be written down by

inspection.

TABLE 2-15

AIRCRAFT STATE ESTIMATOR - STATE TO OBSERVATION
CONVERSION PROCESS

A1 (k) = At s.(, 1 1 Y (mrad/frame)

Y2 (k) =At 2 (k) 14 (k)) Y Y2 (k-i) -v (mrad/frune)

(k) A t (k) (mrd/f'Ve
3 15 (k)) FY 3 (k-i) -w (m,'d/frae)

Y4 (k) - (k) - 16 (t) Y 4 (k-I) - u (ft/sec2 )

Y5k) = - 5 (k)- x (k) y5 (k-I) f (ft/sec2 )
5 5 17 5v

(k) - - (k) - xj 8 (k) i Y6 (- l) -fv (ft/sec2 )

(k) (k) 4- (k) -'u (ft/sec)

y (k) x8 k) ,:2ok) ) -V (ft/sec)
(kI x (k) V (ft/sec)

"Y9 (it) = X9 (k 21 (k

0(k) x (k) z (mirad)i1 1 X0 x22u

(k) =X (k) R (k) - z (mad)

:lY2 (k) R12 (k) "24 (k) - z W (mrad)
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Examination of Table 2-15 reveals the entrance of the lowband sensor noises (states x13
T 1through-x24 ) into the corresponding observations. By this meanis, the (CPk C )term in the

innovation covariance (see Appendix A, Section A. 2) reflects the presence of the lowband

sensor noise. The wideband sensor noise, to be discussed in the sequel, is reflected in the
T

(DLD ) term.

2.4.4.6 State Excitation Process

Referring to Appendix A, Section A. 2, and equation (13), the driving function for the state

process is a vector of noises, u. The association of the 24 elements of u with the 24 state

elements is placed in evidence by Table 2-14; note that u7 through u12 are identically zero,

being defined only for the sake of commonality of subscripting.

Again referring to Appendix A, Section A. 1, the covariance of u is the matrix K.

K = Coy (u) = Exp (u u T ) (16)

The off-diagonal elements of K are zero in the present case, and the diagonal elements are

the variances of the elements of u.

k.. =0, i/j, i=1, 2, ..., 24, j=1, 2,..., 2413 (1 7/)

kiU = O-u i=l, 2, ... , 24

As we have noted,

ki- 0, i=7, , ... , 12 (18)

All of the noise processes defined for the aircraft state estimator represent lowband sensor

errors and are of first order with a break frequency a rad/sec (i= 1, 2, ... , 24). The
1

relatiuriships involved in selecting the required input variance for a desired output variance

are summarized in Figure 2-5 for the first order process.

Table 2-16 lists the values selected for the RMS values of the lowband sensor errors after

filtering, the selected break frequencies, a i, and the required values of the K-matrix elements

corresponding to these choices.
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* EXCITED STATE VARIABLE- x
I * GAUSSIAN TIME SERIES WITH FLAT SPECIFRUM =

e FIRST ORDER PROCESS SPECTRAL DENSITY FUNCTION

I I

log 1(w)

* FORM OF STATE TRANSIl ION EQUATION

X '(1 ) Xk i

• RELATIONSHIP OF INPUT AND OUTPUT VARIANCES

is y PROCESSOR SAMPLING FREQUENCY (H.)
(,2 2 2is ),2

Figure 2- 5. First Order Gauss- Markov Process Relationships

The RMS sensor errors were arrived at by analysis of the performance of the particular sen-

sors selected for incorporation into the CLFCS, taking into account such effects as:

0 Drifts and Biases

0 Scale factor uncertainties

0 Errors introduced by sensor misalignments

The errors selected for 8 zu v were obtained, in fact, from a simulation of the LSI-9000

vertical gyro over a sequence of straight-line and maneuvering path segments.

The values selected for the break frequencies, a i' were arrived at through engineering judg-

ment with an appreciation for the dominant driving functions of the several errors. In general,

the values of the a reflect the probable bandwidth of the measured state variable. That is, for

example, the bandwidth of 8 V is expected to be similar to that of Vu

2-33



TABLE 2-16

AIRCRAFT STATE ESTIMATOR - STATE EXCITATION PROCESS PARAMETERS

State u - RMS Value 2 2
Variable(s) Element(s) x  rad/sec K- Element(s)

1 23 uwujw 1 2 3  0.5 nmrad/sec al=1 5.90 x 10k, l=k2 2 =k 3 3  14.75

'4,5, 6 = Afuvw U4,5,6 0.17 ft/sec 2 .90x10 k4, 4k5,5 k6, 6 1. 705

^ 0.5 mirad/sec =1 5.90 x 103=k 1 15
"13, 14,15 uv k13,14,15 3 13,13=14,14=k =14.75

A16 27 18= '

16,17,18 uvw u16 , 1 7 , 1 8  0. 17 ft/sec2  a4=1 5.90 x 10 1 16, 16 =k17 , 17=k 18 , =1. 705

A l~tscar2 =11 1 4
Ax19 Vu u19 10tse50"5 1"19x102 k191='9x0

x20 =8V u20  20 ft/sec a5 =0.5 1.19 x 102  k 20, 20 = 4. 760 x 104

A 23
x 8V U2  V10'f f/sec a -0.5 1. 19 x 10 k = 1. 190 x 103

2 w 21 5 21,21

x22 = 8A u u22 16 mrad a 6--0.5 1. 19 x 102 k22, 22= 3. 046 x 104

A2 4
x23= zv  u23 16 nrad a 6=0.5 1.19 x 10 k23, 23 3.046 x 10

zw  u24 8 mrad a60.5 119x 102 k24,24 7.616 x103

t
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As is evident from Appendix A, Section A. 2, and equation che state excitation noise com-

ponents enter the estimation process via the propagation matrix B. In the present case, the

B-matrix is 24 x 24, and its non-zero elements are shown in Table 2-14 (the terms enclosed

in curly brackets). They are also listed below for the sake of clarity:

1 1,1 =b2,2 =b3,3 = aIAt, a 1 = 1rad/sec

b4,4 = b 5,5 =b6,6 = a 2 t, a 2  1 rad/sec

b =b4=a , a 3  I rad/sec
13, 13 14, 14 15,15 33

b16,16 =b17,17 b18,18 = a 4 At a 4  1 rad/sec

b19,19 =b20,20 b21121 = a 5 At , 5  0.5 rad/sec

b22,22 =b23,23 b24,24 = a 6 At a 6  0. 5radisec

The values for the a are as shown in Table 2-16. All the other elements of the B-matrix noti

listed above are zero.

2. 4. 4. 7 Observation Noise Process

Referring to Appendix A, Section A. 2, and equation (15), the sensor readings are corrupted by

a noise process v. By definition, the components of v are sequentially uncorrelated; that is

Exp(v k ) = 0, m >0 (19)

Accordingly, the v noise process is wideband in character for a computer iteration rate appro-

priate to a fire control estimator.

In General Electric's experience, most fire control sensors exhibit substantial lowband error

components. In the case of the aircraft state estimator, these have been introduced via state

variables x13 through x2 9 driven by sequentially uncorrelated noises u 13 through u24 . The

RMS values and bandwidths of the lowband errors are described in Section 2. 4. 4. 6.

The wideband sensor errors introduced through v represent thermal noise, quantization/

resolution effects, etc., which tend to manifest different values from one computer frame to
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the next. Somewhat arbitrarily, the variances of the elements of v are made equal to the cor-

responding lowband error variances. Thus, in the case of the IMU gyros, for example, an

RMS wideband error of 0. 5 mrad/sec is introduced so that the total sensor error, including

both lowband and wideband components, is

2 2
-\/ .5 ;+ 0.52 = 0. 707mrad/sec (20)

Referring to Appendix A, Section A. 1, the covariance of v is denoted L.

L =Cov (v) = Exp (v v ) (20)

As in the case of the K-matrix, the off-diagona.l elements of L are zero and its diagonal

elements are the variances of the elements of v. There is one element of v for each of the 12

sensors (see Table 2-13 for a definition of the observation array). Accordngly,

".. =0, i=1, 2 ... , 12, j -1, 2, ... , 12
(21)

2" a i =r i 1) 2, .. 12

Table 2-17 lists the values selected for the elements of L, which are in agreement with the

lowband errors listed in Table 2-16.

As is evident from Appendix A, Section A. 2, and equation (15), the observation noise com-

ponents enter the observation process via the propagation matrix D. In the present case, the

D matrix is equal to the identity matrix.

D = I (22)

2.4.4.8 Initial State Vector and Estimation Error Covariance Values

As indicated in Appendix A, Section A. 4, the estimation error covariance matrix, P, must be

initially established from input data in order to commence the calculation of the Kalman gain.

In general, the values selected for the elements of the initial P - matrix should reflect the

level of confidence which can be placed in whatever values are chosen for the elements of the

initial state vector, x. The effect on the estimator is to influence the gains during the first

few computer frames.
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TABLE 2-17.

AIRCRAFT STATE ESTIMATOR - OBSERVATION NOISE PARAMETERS

Observed V -RMS Value 2
Variable(s) Element(s) TVL-Element (a- v

YIl1 2,3- 3 uvw 'vl112,3 0. 50 mrad/sec III =.12 =.A3302

Y41 5,6 =fv v ~ 4 5 6  0. 17 ft/sec2  . 4 4 Q5 5 =1 6 6  2.89 x10-

Y7 =uv 7  10ft/sec 177 100

Y8 = 8 ~ 20 ft/sec 98,8=400 =5

y90l=zuvWv91 tsc.99 0

B1 v8mrad p1,264

States x1 2 represent the estimated values of the lowband gyro errors. Accordingly, the

appropriate initial values for them are

X1 X=X 0 (23)

The RMS value assigned to each of the lowband gyro errors in Table 2-16 is 0. 5 mrad/sec,

which therefore also reflects the uncertainty in x On this basis,
2 ) ,3

P1 ,II P2 ) 2= P3 , = =0. 25 (mrad/sec)2 (24)

States x45,6 represent the estimated values of the lowband accelerometer errors. The ap-

propriate initial values for them are

x =x =x =0 (54 5 6 (5
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and, in agreement with Table 2-16, the uncertainties associated with these values are

2 2
= 0.0289 (ft/sec2) (26)P4, 4 = P5, 5 = P6, 6

States x7,8)9 represent the aircraft velocity. These state variables are initially set directly

from observations Y7 , 8, 9' which are the velocity outputs of the air data subsystem. In other

words, at time t = 0, the values for Y7 8,9 are placed in the memory locations for x7, 8,9'

The uncertainty in each of these values is the resultant of the lowband and wideband sensor

error components. Therefore,

P = 102 + 102 = 200 (ft/sec)2
P7, 7

P8 = 202 +202 = 800 (ft/sec)2  (27)

P9 9 = 10 + 10 = 20 (ft/sec)
2

States x10 11 12 represent the vertical axis direction and are initially set from observations

Yl0, 11, 12' which are developed from the outputs of the LSI-9000 vertical gyro. The resultants

of the lowband and wideband sensor errors for these observations gives

2 2 22

i ~ ~Plo, 10 = Pl, 11 = 162 + 162 = 512 mrad2

p 82 +82 128 mrad2
12,12

States x13 through x2 4 are auxiliary variables for the generation of the lowband sensor error

components and are assigned initial values of 0. In agreement with the RMS values assigned in

Table 2-16, the following initial estimation error covariances are used:

1 3 P 1 4 1 4 =P 1 5 15 = 0.25 (mrad/sec)2

2 2
P16, 16 = P1 7 ) 17 

= P18 , 18 = 0.0289 (ft/sec2)

= 100 (ft/sec)
2

P19, 19

P20, 20 = 400 (ft/sec) (29)

= 10 (ft/sec)2p2 1, 2 1 =1

P22, 22 = P23 = 256 mrad2

=64 mrad
2

P24) 24
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2. 4. 4. 9 Gain Matrix Computation

Because of the fact that the aircraft state estimator can operate continuously from the point

of take-off, or at least irom a point significantly before the target e%.,gement, there did not

appear to be justification for on-line Kalman gain computation. Experimentation with various

estimator designs led to the fixed gain design which is now described.

The aircraft state estimator has 12 principal state variables whose filtered values are to be

continuously generated as a basis for the fire control solution (see Table 2-12). Auxiliary

state variables 13 through 24 introduce lowband sensor noise into the estimation process, and

are therefore not subject to filtering. That is, the gain elements which would normally pro-

duce adjustments in these state variables are arbitrarily set to zero. Accordingly, there are

potentially 12 x 12 ; 144 gain elements of concern in the operational system.

Section 2.3. 3 describes two target engagements which were selected as the basis for design

and analysis of the CLFCS estimators. Table 2-9 lists the parameters for these two engage-

ments, a straight-line offset attack and a veer-off attack. Table 2-18 summarizes the

methodology for designing the fixed gain aircraft state estimator, in which both the straight-

line and veer-off attacks are employed.

:. A key step in the fixed gain design process is the initial sort based upon the result of operating
the estimator against the straight-line attack. This involves a ranking of the elements in each

row of the gain matrix according to their actual importance in the estimation process.

From Appendix A, Section A. l and A. 2, the fact is evident that the gain matrix, G, operates

on the innovation vector z = y - .Accordingly, the corrections applied by the filter to the

state vector is Gz. In particular, the correction applied to state element i is

12

=x gE z (30)
j=i 3i z

The covariance matrix for z is Q= CPC + DLD , which is computed as part of the Kalman

gain algorithm (see Appendix A, Section A. 4). Therefore, the variance of z. is

23
O-2 q (31)
]z q..1
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TABLE 2-18.

FIXED GAIN ESTIMATOR DESIGN METHODOLOGY

* Compute the Kalman gains versus time at 30/sec for 40 see along the straight-line

course. Select the gain values at the end of 40 sec for use in the fixed-gain

estimator.

* Using the RMS values of the innovation elements (RMS (z.) = a. =  f )3 Z.

r j= 1 g.. q- g/, Xi j = 1, 2,..., 12, i=1, 2,... 12.th

* In the i row, the diagonal element receives a ranking of 100%. In most, but not

all cases, r.. < r...1.1 11

* Reject from further consideration any gi for which r.. < 1%.

0 Compute the Kalman gains along the 40 sec veer-off course.

0 Reject from further consideration any gii which exhibits kinematically induced gain

variations.

The net result is a 31 - element fixed gain estimator.

Considering the case where the gain elements, gi' have reached their steady-state values, the

RMS value of each of the 12 contributors to Ax i is reflected by

'Ax.. =  i = gij3jj (32)

The individual gains in each row of G are thereby ranked in relation to the diagonal element,

and thr-se off-diagonal gains contributing less than 1% to Ax i on an RMS basis are eliminated.

The second stage of sorting involves the use of the veer-off course which includes maneuvers

as described in Section 2.3.3. Gains whose values are modulated by the maneuver are subject

to kinematically induced variation and must therefore be eliminated from the fixed gain matrix.

As a consequence of these two stages of sorting, a 31 - gain estimator was developed. Table

2-19 lists the values of the 31 non-zero elements in the 12 x 12 gain matrix.

The satisfactory performance of the fixed gain aircraft state estimator was confirmed using

the veer-off attack. The results of this analysis are presented in Section 2.4.6.
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t TABLE 2-19.

LISTING OF SELECTED FIXED GAIN ELEMENTS FOR A

PRACTICABLE AIRCRAFT STATE ESTIMATOR DESIGN

Gain Element State Innovation

& Value Element Element

G( 1, 1)=3.12 wu 88u

G( 1, 11)=1.06E-04 zv

G( 2, 2)=G( 1, 1) w v  8V

G( 2, 9)=5.35E-04 wv

G( 2, 10)=-9.76E-05 wv 8 zu
G( 3, 3)=G( 1, 1) ww 8ew
G( 3, 8)=-l. 22E-05 Ww 8Vv

G( 4, 4)=-.104 a U au

G( 4, 7)=3.59E-05 a a Vu

G( 5, 5)=G( 4, 4) a 8av

G( 5, 8)=8.51E-06 av  8Vv

G( 6, 6)=G( 4, 4) aw  8aw

G( 6, 9)=3.77E-04 aw  8v w

G( 7, 4)=-. 0158 Vu  8au

G( 7, 7)=. 0210 X8

G( 7,10)=-.00596 Vu  8zu

G( 8, 5)=-. 0136 Vv  Sa
VV v

G( 8, 8)=. 0131 Vv  8Vv
G( 8, 11)=-. 00832 Vv  8zv
G( 9, 6)=-.0179 V w  8aw

G( 9, 9)= 0281 VW  aVw

G( 9, 12)-. 00359 Vw  8 zw

G(10, 2)=-. 258 z 88V

G(10, 7)=-. 0161 z 8Vu

G(10, 10)=. 00676 z $z

G(11, 1)=.327 z u
!{ G(ll, 8)=-. 00563 z vVv

G(1l, 11)=. 00856 z 8zv

G(12, 6)=. 00994 zw  8z

G(12, 9)=-. 0241 zw  8V

ww
G(12 12)=.00407 8z2w
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2.4.5 TARGET STATE ESTIMATOR

With the description of the aircraft state estimator as background, the details of the target

state estimator design are now presented.

2 4.5. 1 Preliminary Discussion

The purpose of the target state estimator is to maintain an accurate representation of the

target's position, in terms of both range and LOS direction, with respect to the u v w vehicle

coordinate frame. Continuous measurement of the LOS direction cosines relative to u v w

* is obtained from the pantographic sight resolvers while the gunner is actually tracking the

target. In the absence of these measurements, while the gunner is engaged in closed loop fire

control activity, the LOS direction is perpetuated by the target state estimator transition

process.

There is no continuous measurement of target range. The pilot inserts an estimate of range
via the range potentiometer on the CLFCS control panel at the instant of target acquisition.
The detailed crew activities involved in this are as follows:

, Prior to target acquisition, a value for acquisition range is selected and dialed

in by the pilot; an acquisition range of 8. 000 to 10, 000 ft (2438 m to 3048 m)

is considered appropriate.

* As this range is approached, the gunner establishes a LOS track, but does not

depress the sight action switch.

0 The pilot signals the gunner when the selected acquisition range is attained; the

gunner theroupon depresses the action switch.

0 This generates a discrete command to the CDC 469 computer to initiate target state

estimation, and also initiates slewing of the gun to the continuously updated aiming

solution. As part of this, the range pot setting is used to establish an initial range

value.

Further discussion of the problem of introducing the initial estimate of range in the flight

test environment is contained in Reference 3.
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The target state estimator transition process makes use of the angular and linear velocities

furnished by the aircraft state estimator. In particular, the linear velocity information pro-

vides a basis for updating target range. The introduction of pseudo target velocity auxiliary

variables accounts for the probable disparity between the estimated aircraft velocity and its

actual velocity relative to the target.

/Within the target state estimator, all angular information (direction cosines, angular velocities)

is expressed in milliradian units and range information, in kilofeet units. This reduces the

range of the error covariance values and thereby diminishes the probability of numerical prob-

lems in the fixed point implementation of the target state estimator. Conversion back to standard

units (radians, feet, etc. ) at the interface with the fire control computations is assumed in the

sequel.

2.4.5.2 True State, Estimated State, and Observation Arrays

Tables 2-20, 2-21, and 2-22 define the elements of the true state. estimated state, and

observation arrays for the target state estimator.

TABLE 2-20.

TARGET STATE ESTIMATOR - TRUE STATE ARRAY

x1 = s u  Direction cosine of LOS with respect to u vehicle axis (mrad)

2 = sv Direction cosine of LOS with respect to v vehicle axis (mrad)

x = sw  = Direction cosine of LOS with respect to v., vebicle axis (mrad)

x4 =R = Range (kilofeet)
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TABLE 2-21.

TARGET STATE ESTIMATOR -ESTIMATrED STATE AR~RAY

A A
VI s u Estimated value of s (mOrad)

,A A
2 s> Estima~ted value of s V (mrad)

A A
N 4 It Esiae au fRRioet

A A
X = Pseudo target velocity along u vehicle axis (ft/sec)

A. A
x AV Pseudo target velocity along v vehicle axis (ft/sec)

6 v

A A
X LAvw Pseudo target velocity along w vehicle axis (ft/sec)

A A
x 8 s = Lowband error in tWe measurement of s u(mrad)

A
S ,= Lowvband error ii, the measurement of sv (mrad)

= owband error in the nicasmtein fS (mird

TABLE 2-22.

TARGET STATE EST)MATOR -OBSERVATION ARRAY

y= Measured value of s u (mrad)

S Measured value of s (mrad)

Y3 9 Measured value of s (nirad)J
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2. 4.5.3 Transition Process

In Section 2. 4. 2. 5, the fundamental dynamic relationships for the target state estimator trans-

ition process - set forth. These include the incorporation of pseudo target velocity con-

ponents, which - ':oct the difference between the velocity output by the aircraft state estimator

and the actual velocity of the aircraft relative to the target.
S.

The angular and linear aircraft velocity components, as they are used in the target state

transition process, are denoted as follows:

A
wI (k) = w = Angular velocity component about u axis as output by the aircraft state

estimator at frame k.

A

w2(k) = v = Angular velocity component about v axis.

Aw3 (k) w W = Angular velocity component about w axis.

V1 (k) =V Linear velocity component along u axis as output by the aircraft state

estimator at frame k.

A
V2 (k) = Vv  = Linear velocity component along v axis.

a

V3 (k) = V = Linear velocity component along w axis.

With this, the target state transition process equations are listed in Table 2-23. To main-

tain the LOS vector at unit value, its components are normalized each computer frame

according to the foliowing equations:

Q 1000/ 1 (k~l) 2 +2 (k .1)2  (k )

x(k 1) =Qx 1 (IC.1)
(33)

x k4 (k i-)
2 ~ 2

x3 (k 4) = Qx 3 (kti1)

I2
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TABLE 2-23

TARGET STATE ESTIMATOR - TRANSITION PROCESS

Principal State Variables

V* (k) = V1 (k) x 5 (k) (Vu ft/see)
A

V=(k) = V2 (k) x (k) (V* , ft 'se c)
2 2A6 v

V* (k) = V3 (k) x (k) (V *. ft'sec)

R (k) = -10-6 (V ®k (k) + V (k) '2 (k) V (k) " (k)) (R, kft'sec)
(k+l) = -1( - At ( (k) + R (k) 1 (k) ) 4 (k)

2 () 3 (k) - w 3(k)x2 (k))) (' mrad)

A A

x 2 (k+l (k) t (V (k) (k) X2 (k) 'X4 (k)3 A ) A

0 (w 3 (k)x (k) (k) (k)) (, mrad)

(k±) = x3 (k) - A t (V* (k) + il (k) A(k)) x4 (k)

K (w 2(k) x2 (k) - w2 (k) l (k))) ( w mrad)

.1.(k41) = w3 (k) + Awt I (k) (R, kft)

Pseudo -Target Velocity Compcxnents
K5 (k+1) = (1- 1 At) V5 (k) - .001(w 2 (k) 7(k) - w 3 (k) 6 (k)

+ At u'1 (AV u . fti.sec)
-3A A A

x0,(k+) = (1 -(a IA) x7 (k) - .001 (w 3 (k) x (k) - W (k) (5 (k)

+ 4a 1 At u (AV, ft see)

A A5 (k+l)= (1 - a 1A0) (w (k) -' (k) - w (k (k)

+ a At tu31(A} f see)

'(k+l) =(I a2t.8k I a2x 6u 40 w (k)wsu k)x7, k

x9(kl =( a2t)x ()+ a2t u 5  (AV ftse

R10(k+l) = (1 a 2 t) Xl0(k) + a 2 At u6  (8s w. mrad)
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2. 4. 5. 4 State to Observation Conversion Process

The conversion process equations for the target state estimator are listed in Table 2-24. Note

the in'.roduction of the lowband sight error components.

TABLE 2-24.

TARGET STATE ESTIMATCfR - STATE TO OBSERVATION
CONVERSION PROCESS

Yl (k) = Rl (k) + K8 (k) (Su, mrad)

Y2 (k) = x2 (k) +-x9 (k) (sv, mrad)

Y3 (k) = x3 (k) + xl0 (k) (sw, mrad)

2.4.5.5 State Excitation Process

The state excitation for the target state estimator consists of the pseudo target velocity com-

ponents, - Vuvw  Auxiliary variables are also defined for the generation of lowband sight error

components, due principally to gunner tracking error.

The pseudo target velocity vector potentially includes all effects which cause the estimated

aircraft velocity to differ from the actual velocity of the aircraft relative to the target. Lie

following contributors must therefore be considered:

A

* The error in Vuvw, considered as inertially augmented airspeed.

* Wind velocity.

* Target velocity.

Accordingly, the break frequency of 1 rad,'sec and the variances listed in Table 2-25 reflect
A

the desire to optimize Vuv w for the estimation of airspeed error.
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TABLE 2-25.

TARGET STATE ESTIMATOR - STATE EXCITATION PROCESS
PARAMETERS

State RMS Value Frequency I ( 2
Variable a (rad/sec) u - Element a 2 /-x 2  K-Element u

Ax =AV 20ft/sec a =1 uI  5.9x101 k =2.36 x104

5 u 1 1,

A

x6  A V 20 ft/sec a1 u2  5.9 x 101 k 2= 2.36 x 104

A 1 3
x7 = AV w  10 ft/sec a1 =1 u3  5.9x10 k3  =5.90x10

A

x8 4 mrad a =4 u 1.4 x 101 k =224
X8  

8 u mrU2 4 4,4

AX9 =8 4 mrad a2  4 us 1. 4 x10 k 5 224

A 1
Xl10 =8SW  4mrad a 2 =4 u6  1.4x10 k = 224

A
Contributors to an error 8 s uvw in the measurement of the LOS direction by the pantographic

sight include gunner tracking error, electro-mechanicalsighterrors, and optical canopy errors.

In considering the magnitude and bandwidth parameters which should be assigned to the overall

sighting error, we must recognize that in the CLFCS the sight is being used to establish the

target location relative to the u v w coordinate set for the initial and calibrated firing bursts,

and to measure the angular difference between the aimpoint and strikepoint for the initial

burst. These measurements are obtained by:

1. A precise sighting on the target, preparatory to the initial firing burst - (s

2. A sighting on the initial burst strikepoint location - (s

3. A second sighting on the target preparatory to firing the calibrated burst - (s
3 uvw'

The unit vectors to these three points, (si)uvw , i = 1, 2, 3, define a sphc;ical triangle over

which the sight is deployed in relation to the u v w coordinate set. There is also an elapsed
t ime factor of about 15 to 20 sec which measures the duration of sight deployment. Frror

constituents which strongly correlate over the spherical triangle traversed by the si..ht, whose

area is of the order of 250 (or about 700' of the area of the entire sphere), and over an interval
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of about 15 sec, will be common to the three sightings, and thus substantially counteracted by

the closed loop fire control function. Accordingly, the residual error, which limits the et-

fectiveness of the CLFCS, is the random error or lack of repeatibility in measuring angular

differences of the order of 500 or less.

General Electric obtained data on this part of the sight error, with the result that it was

assigned the value listed on Table 2-25. The break frequency of 4 rad/sec was selected

according to the rationale that the largest contributor to the random sighting error component

would be gunner tracking error, and that this, in turn should be appropriate to a fairly tight

tracking loop closure on the part of the gunner.

The state excitation propagation matrix, B, for the target state estimator is 10 x 6. Its non-

zero elements are the terms enclosed in curly brackets in Table 2-23, and are listed below:

b5,1 =6,2 = b 1 At, a1 = 1 rad/sec

(34)

b8 , 4 =b 9 5 = b1 0 ,6 = a2 A t, a 2 = 4 rad/sec

All other elements in the B-matrix are zero.

2. 4. 5. 6 Observation Noise Process

In agreement with the rationale set forth in Section 2. 4. 4. 7, wideband sighting errors are

introduced via the L-matrix with variances equal to those of the lowband errors described in

Table 2-25. The v - vector for the target state estimator has 3 components, one for each

compbnent of %uvw (see Table 2-22). Hence, L is 3 x 3, with zero off-diagonal elements and

diagonal elements as defined in Table 2-20.

The observation noise propagation matrix, D, is equal to the identity matrix.

D I (35)
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TABLE 2-26.

TARGET STATE ESTIMATOR - OBSERVATION NOISE PARAMETERS

RMS Error
Observed l2
Variable v - Element V L-Element (o 2

1 SU 4 mrad 1 =16

2 v v2  4 mrad p2216

v 4 mrad 3, =16Y3 s 1

2.4. 5. 7 Initial State Vector and Estimation Error Covariance Values

As was indicated in Section 2. 4. 4.8, the initial covariance of the estimation error and the

initial values selected for the state elements are related. In the case of the target state estim-

ator, the estimates of the LOS direction cosines are initially established directly from the

measured values. That is, at time t = 0,

xi =yi i=1,2,3 (36)

Accordingly, their error covariances are equal to the sum of the lowband and wideband observa-

tion noise components.

P1, 1 =P 2 2 P3 3 42 +42 = 32 mrad2  (37)

The initial estimate of range is derived from the range pot on the CLFCS Control Panel. The

RMS uncertainty in the crew's estimate of range is expected to be V2 = 1.6 kft, so that

=4 2.5 kft2  (38)
P4-4
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States x5 through xl 0 are auxiliary variables for the generation of stochastic processes repre-

senting pseudo target velocity and lowband sight errors. They are initially assigned values of

0, and their initial error covariances are as follows, in accordance with Table 2-25:

5 =6, 6 = 400 (ft/sec)
2

= 100 (ft/sec)2  (39)

2
P, )8 =9, 9 plo, 10 = 16 (mrad)

2.4.5.8 Gain Matrix Computation

Two aspects of the target state estimation problem militate against the use of a simple form

of gain matrix, such as a set of fixed or explicitly varying gains:

0 Rapid settling of the estimator, in order to reach a viable aiming solution as

quickly as possible after target acquisition, is vital to the overall effectiveness

of the CLFCS.

0 The ensemble of ta-'get engagements encompasses major variations in aircraft/tar-

get geometrical and kinematical relationships. Principal among the parameters

subject to such variability are target range and the angle between the LOS and the

u aircraft axis. These variations, either occurring over the course of a given

engagement or from one engagement to another, demand significant variations in

the optimal filter gains, which are difficult, if not i.mpossible, to reproduce in an

explicit gain formulation.

Initial design effort confirmed the existence of the latter problem and prompted consideration

of the real-time generation of the Kalman gains. To alleviate the computational burden, it

was decided that a reduced gain update rate should be investigated. The dynamics of the gai

variability proved to be such that an update rate of 6 per sec, or 1 update every 5 main

frames, preserved essentially all of the full Kalman performance capability.
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2.4.6 ANALYSIS OF ESTIMATOR PERFORMANCE

The analysis of the performance of the aircraft and target state estimators was accomplished

using the target engagements described in Table 2-9, particularly the veer-off engagement.

The analysis was carried out using a version of the Kalman Estimator Analysis Program

(KEAP II) described in Appendix B.

2.4.6.1 Analysis of the Aircraft State Estimator

Three particular runs of the KEAP program are of significance in presenting the results of the

analysis of the aircraft state estimator:

" G1757 - Operation of aircraft state estimator with Kalman gains generated

on-line versus the straight-line attack course.

" G1770 - Operation of the aircraft state estimator with Kalman gains generated

on-line versus the veer-off attack course.

• G1799 - Operation of the aircraft state estimator with fixed gains (see Table 2-19)

versus the veer-off attack course.

The indices of aircraft state estimator performance are the RMS uncertainties in each of the

twelve principal state variables (see Table 2-12). These are plotted in Figures 2-6 through

2-9 for each of the three computer runs listed above.

Figures 2-6 and 2-7 indicate that neither the presence of aircraft maneuvers or the use of fixed

gains instead of full Kalman gains is expected to have an appreciable effect on the estimation of

aircraft angular velocity and linear acceleration. The length of time required for settling of

these state variables is about 3 sec.

Figure 2-8 shows that both the presence of aircraft maneuvers and the mode of gain generation
influence the ability to estimate linear velocity. The most significant effect appears in the V

v
uncertainty, which is improved by about 6 ft/sec when the Kalman gains are generated in the

presence of an aircraft maneuver. This occurs to a lesser degree (about 1. 5 ft,'sec change)
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in the case of Vu . The estimation of V is less effected by the use of fixed versus Kalmanu w
gains t-an by the mere presence of the maneuver, which slightly degrades the quality of the

estimate (about 0. 5 ft/sec change).

The principal effect evidp.nt in Figure 2-9 is the superior settling time afforded by the use of

Kalman gains. In comparison, the effect of the maneuver is of the order of 1. 5 mrad or less.

Since the aircraft state estimator will normally be allowed to run continuously, settling time

is not an important issue insofar as CLFCS effectiveness is concerned. The accuracy of know-

ledge of the vertical axis direction required for 20 ini gunnery is about 10, and this level of

uncertainty is reached in less than 10 sec with the fixed gain estimator, and in about 2 sec

with Kalman gains. Therefore, if it should be necessary to restart the aircrafc state estimator

in flight, a fully viable output for gunnery purposes will be available in about 10 sec.

2.4.6.2 Analysis of the Target State Estimator

The performance of the target state estimator was assessed for the veer-off attack described

in Table 2-9 and Figure 2-2. The engagement was carried through the crossover event to

assure that the onset of crossover kinematics would not cause estimator instability or other

anomalous behavior. This was done in spite of the fact that the pantographic sight cannot be

comfortably deployed beyond a train angle of about 800.

The principal matter of concern in the analysis of the target state tstimator is the comparison

of its performance with Kalman gains updated once per 5 computer frames (operational system)

versus once per frame (performance baseline system).

Figure 2-10 shows the resultant RMS uncertainty in LOS direction and the RMS uncertainty in

range plotted as a function of time. For the critical stage of the run, which lies between 15

and 30 sec and corresponds to the period of CLFCS deployment, the difference between the two

gain update rates is insignificant. It becomes appreciable, particularly with respect to range

estimation, at crossover, and then subsides after crossover. This indicates that the ciossover

kinematics are inducing rapid changes in the Kalman gains, which the reduced update rate has

difficulty in following. Nevertheless, the performance of the target state estimator with gain

updates once per 5 computer frames is judged to be perfectly adequate for application to the

CLFCS.
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2.5 OPEN LOOP FIREl CONTROL COMIPUTATIION

The objetctivye of tilt opel 1001) ftive Control Comp~utat ions (Ws distinguished from closed loop fire(

Control) is to 1X)Stion t he gull ill tihe best way possible al 'te basis of the outputs ot (te aircraft

and t-wget state estinliators. This assures a1 mlaxilmml first burst kill p~robability and also pro -

v'ides for thet maint enanice of a v'iable guin p)oint ing solution t hrough).1 llIha'svs of thleat

including the period of st rikelx tnt observation by the gunner.

TIhe discussion of the open loop fire cont rol colpit at ioll is divided inito three parts:

0 F'itt ing time of flighlt and gravity drop expressions ito (te 20 m1 i1 NI-556 ballistic's.

0 Developing thie gun orders for posit ioilng the weapon.

0 V erification of accurlac Y.

2. 5. 1 B3ALLISTICS 011' M'lFN-50' PRO.CT'L lE

Table 2-27 lists thle slanit range MU. and gr-avity drop UM. corre-sponldIg to times of flight l

raniging from 0 to 4. 5 Sec.

2. 5. 1.1 Time of Flight E~quation

To determine the( corr'et angullar relatilonshilp betweenl thet gunl axis anid thle tar'get sight line,. an1

estimate of thle proj ectil~e time of flight is rv quired. 'I'he( ln'inipal uise, lin helicopter gunnewry is

to determinec thle magituide of gravity drop.

Lot thle following varitables he defined:

B = Proje-tile iiu?.?Ae velocity 3,320 ft 'sec

Ci D lrag pa rameit er

R Ranige- rate (necgative of thle componlent of atre raft velocity along the sighl(t i e)
P /P

g' Alir density ratio
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TABLE 2-27

BALLISTICS OF THE M-56 PROJECTILE

TF  RS  R Z

(see) (ft) (ft)

0 0.0 0.0

0.5 1405.4 3.6

1.0 2432.3 13.2

1.5 3216.1 27.6

2.0 3838.0 46.3

2.5 4368.8 69.8

3.0 4855.9 99.1

3.5 5309.8 134.1

4.0 5735.8 174.8

4.5 6137.4 220.9

IConditions: Air'craft velocity = 0

Aircraft altitude = 0 (Sea Level)

Gun position = Horizontal

A form for the time of flight equation which is compatible with the drag characteristics of

supersonic projectiles is:

F 
C S

TF

(B-- 2 1R (40)

For an optimized fit to the M-56 ballistics of Table 2-27, the value of C is selected to be

C1  10. 3998 x 10-3 P g (41)

The data of Table 2-27 corresponds to P g Po = 1. The appearance of P 'P0 in the expression

for C1 reflects the reduction in drag with increased aircr"aft altitude.
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It is convenient to define

Bc- 1 -R (42)B1 2

so that

TF "S (43)F 
_(B - R) - BI RS

2.5.1.2 Gravity Drop Equation

A form for the gravity drop equation which is descriptive of the flight of supersonic projectiles

and compatible with the time of flight equation (40) is as follows:

R Z = q T F 2/2, , - ql - q 2 (Pg/P o) TF (4

An optimized fit to the M-56 ballistic data of Table 2-27 is achieved by the selection

q = 27.6746 ft/sec2

q 0. 176772 ft/sec (45)

Using equations (40), (41), (44) and (45) in combination, it is determined that the RMS devia-

tion between the ballistic model and the data of Table 2-27 is 1. 07 mrad.

2.5.2 DERIVATION OF GUN ORDERS

Let the following additional variables be defined:

g = Gunline direction

s = Sightline direction

A g = Differential gun orders

-s

V = Airspeed vector

W = Wind velocity vector
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z = Vertical axis direction

B = Bullet position vector

R = Rs = Target position vector

It is possible to show that the position of the bullet relative to the launching point, as a function

of time of flight, is

(B11 V) , F 2
13 = 1 1 WF - (qT F 2)z (46)

Since it is desired that the bullet impact the target. 1st

B = Rs (47)

Also, let

1: = s t LR =qTF2 2 (48)

Then equation (47) becomes

(B-R)TFs (BAa_ f. V - Rs)Tf
R - F r F - F - Z 49)

1 F I F

It can be shown from equation (43) that

= (B - R)TF (0R F (50)

1 + 1 TF
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Solving for the differential gun order by transposing terms in equation (49)

(+ B1TF) (-WTF +Rz) V +Rs

BTF B

B IVT F+ RV +Rs

(B ) FRz ~ B

In the CLFCS, the input data required for estimating wind velocity are not available. The

open loop fire control solution is therefore based upon the assumption of zero wind velocity.

Accordingly, the solution for the differential gun orders actually implemented is

= (B 
(52)

As may be seen from equation (51). the effect of wind velocity normal to the sightline is to

induce a bullet strikepoint error which varies according to the ratio (TF/R). This is the

inverse of the average projectile velocity, which is shown in Table 2-28 for TF = 2, 3, and

4 sec.

In the case of firing from hover, the angular deflections induced by a 10 ft,'sec wind velocity at

2, 3, and 4 sec times of flight are 5. 2, 6. 2, and 7.0 mrad, respectively. The closure of the

aircraft on the target occurring over the interval between the initial calibration firing burst

and the second calibrated burst is not likely to reduce the time of flight by more tham a second.

TABLE 2-28

AVERAGE PROJECTILE VELOCITY VS TIME OF FLIGHT

TF AVERAGE
PROJECTILE VELOCITY

(sec) (ft/sec)

2.0 1919

3.0 1619

4.0 1434
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Also, typically, the direction of fire will not rotate relative to the wind direction by more than

a iew degrees. Therefore, the fact is evident that the deflection induced by a steady wind may

be regarded as a substantially constant angular effect. The wind velocity itself will tend to

correlate strongly over periods of 10 to 20 sec. Hence, windage is included among those

strikepoint error contributors which are amenable to compensation via closed loop fire control.

2.5.2.1 Control of Gun Position

It is desired that the computer output a set of differential gun orders which are such that when

added to the unfiltered electrical sight outputs the gun will be positioned correctly. By this

means, if the computer should fail, the gun can be slaved directly to the sight without system

reconfiguration.

Let the following variables be defined:

A

s Estimated target line of sight direction cosines
!.VW

Ws Unfiltered target line of sight direction cosines obtained directly from the
uvw sight

The desired gun direction is then given by

A
g = A (53)

uvw UXT' Uvw

and the differential gun orders which should be added to the sight outputs. by

uvw uvw uvw

- uvw S UV - (54)

2.5.3 VERIFICATION OF ACCURACY

In Section 2. 3. 3 a veer-off target engagement is described which has been utilized for demon-

stration of the performance of the aircraft and target state estimators. An episode from thisT

same engagement provides the basis for a numerical check of the accuracy of the open loop

fire control solution defined above.
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Specifically, at the t = 24 sec point in the veer-off engagement an open loop firing burst is

assumed to occur. Gun position is established by the open loop fire control algorithm embodied

in equations (52) and (54) oil the presumption of ideal velocity and range inputs. The bullet

impact point corresponding to this solution is determined by evaluating equation (46) for incre-

mented values of time of flight until the approximate point is discovered (to within 0. 1 ft) at

which the bullet passes through the horizontal plane containing the target. The strikepoint

error is then calculated in terms of both horizontal and angular miss.

The computations described above are executed by a time shared computer program "GQGUN",

a listing of which is contained in Appendix D. The output listing pertinent to the open loop

fire control solution is shown in Table 2-29.

=IS PAGE IS BESr QUALIT pM0 :IU
FROMd COPY F, I. TO DDC

TABLE 2-29

VERIFICATION OF OPEN LOOP FIRE CONTROL ACCURACY
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The angular miss relative to the target sightline is calculated to be 0. 083 mrad. and the linear
miss on the horizontal ground plane is 4. 1 ft. This means that in actual operation only a minor
part of the strikepoint error in the open loop firing burst cui be ascribed to the open loop V ue

control algorithm itself. The major part will be due to errors in the estimated state variable

input, to the algorithm: namely. range and velocity.

3ecause the CLFCS does not incorporate an active rangefinder. the range estimation error at

the instant of the open loop firing burst may be quite large. Specifically. the error in the

initial crew estimate of range at the commencement of the engagement can be as great as 40(".

The target state e:timator displays some capability to reduce this initial error during the

period of target tracking preparatory to the open loop firing burst (see Figure 2-10). Never-

theless, a 25%( error in range can still exist at that point in the engagement. Figure 2-11

shows the variation in the mgular strikepoint error as a function of range error. The error

sensitivity relationship is approximately 10 mrad of strikepoint errol per 1000 ft of range

error.

Wind is the main contributor to velocity estimation error, and the strikepoint error resuling

therefrom is strongly a function of the orientation of the wind velocity vector relative to the

target sightline. A velocity error of 20 ft 'sec normal to the sightline will produce approxi-

mately 6 mrad of angular miss.

Bias errors in the estimates of range and velocity are among the effects which the closed loop

fire control algorithm is designed to counteract. The formulation of this algorithm is now

described in detail.

2.6 CLOSEI) LOOP FIRE CONTROL COMPUTATIONS

Figure 2-1 portrays the overall organization of the CLFCS software. As shown in this figure.

the closed loop fire control algorithm absorbs target state information and the direction

cosines of the centroid of the open loop firing burst impacts, as observed by the gunner

utilizing the pantographic sight. Its output is a set of gun corrections which counteract the

errors which existed in the open loop fire control solution when the initial burst was fired.

These errors include:

0 Gun boresight error Velocity bias error

* Range bias error
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A key feature of the closed loop fire control algorithm now to be described in an interpolation

scheme for developing m accurate estimate of the target sightline at the instant the gunner

makes the bullet stikepoint observation.

2.6.1 OVERALL PHILOSOPHY AND EVENT TIMING

Figure 2-12 illustrates the operation of the closed loop fire control algorithm, particularly

with respect to the timing of the engagement events.

After a period of tracking the target (approximately 3 sec). the gunner del:resses the trigger

at time 1 for a short ( 1 sec) initial firing burst. Target tracking is cortinued through the

bullet time of flight until time t2 ,

Figure 2- 13 shows that the bullet impact event will occur after a time of flight. T which falls

within the following range:

95T TF 1. 50T

A
where T is the estimated time of flight used in the initial aiming solution. Accordingly.

although the estimated time of flight may be ii. 3rror insofar as the target is concerned, it will

generally be a good indication of the actual time of flight to the strikepoint. The CLFCS com-

puter can therefore predict fairly well when it is appropriate for the gunner to break track with

the target and begin acquiring the strikepoint.

At time t2 , the computer signals the gunner that the target track may be broken. It is impera-

tive that the gunner maintain precise tracking through this event, and then acquire the strike-

point as soon as possible thereafter.

When he has acquired the strikepoint, the runner depresses the ABC (Acquire Burst Centroid)

switch at time t3 . This signals the computer to capture the sight resolver outputs as a mea-

sure of strikepoint angular position. Precise pointing of the sight with respect to the burst

centroid is essential.

As rapidly as possible, the gunner reacquires the target at time t,. When he has a precise

point established. he releases the ABC switch. At time t5 . after a short period of tracking.

the second burst is fired, which is a calibrated burst.
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Figure 2-13. The Relationship Between Range Bias Error and Strikepoint Error
- Horizontal Plane View

2.6.2 TARGET STATE ESTIMATED MODES

For time t t 1. the target state estimator is in its normal mode of operation with all gains

active.

For time t f t t the gains which are associated with the estimation of range (the entire

fourth row) are set to zero. This is to prevent competition between the target state estimator

and the closed loop fire control algorithm in compensating for any error which may exist in

the range estimate at time t1 .

At time t2 the target state estimator enters a full coast mode with all gains set to zero. By

virtue of precise target tracking during the interval t1  t _< t2 . the estimated and true ver-

sions of the target sightline are assumed to be equal. However, due to range and velocity

bias errors, the extrapolated sightline diverges from the true for t, : t :S t4 , as illustrated

in Figure 2-12. The state of the extrapolated target sightline at time t3 is captured by the

computer for use in the closed loop fire control algorithm.

At time t4 the target state estimator returns to the range only coast mode: that is. all gains

except those in the fourth row are active.
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2.6.3 CLOSED LOOP FIRE CONTROL ALGORITHM DESCRIPTION

The closed loop fire control algorithm references the observed strikepoint location to the

location of the target. Accordingly, a precise measure of the target location at time t3 is

required. Since the gunner is not tracking the target at this instant, interpolation of target

sightline information from times t3 and t4 are required.

Let the following variables be defined:

s (t) Unfiltered sight direction cosines at time t

s (t) Estimated target sightline at time t

ss (t) = True target sightline at time t
A

The extrapolated sightline at time t 3 s (t 3), differs significantly from the true because of range

and velocity bias errors. However, by developing a second estimate, ext apolated backwards

from time t4 , a reduction of this error is possible. Let the forward extrapolated value be

designated A (t3 ) and the backward by A- (t3)"

By storing the linear and angular velocities of the aircraft over the time interval t3 _ t < t4
w

and assuming that s (t4) = s (t4 ) by virtue of precise pointing of the sight by the gunner, the

backward extrapolation of the target sightline from t4 to t3 can be implemented. As illustrated

in Figure 2-12, this extrapolation follows a path parallel to that of the forward extrapolation.
SA A

It is evident that the average of sF (t3) and sB (t3) provides an accurate measure of s (t

especially if

t _t2  t4 - t3.

Let

s (t3 = s(t3) + sB(t 3)]

4, where this averaging will actually be implemented in terms of the elevation and train angles
associated with -F (t3) and sB (t rather than in terms of the direction cosines. The detailed

steps are given in the sequel.
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T he obs.erv~ed &Ightline to the burst centr-oid or strikqloInt is designed b, and the difference

s 1

m-uies the gun error existing at tme tj, provided thle aircraft neither rotates nor trans-

lates excessively during thle interval t t t T'his difference may be applied dil"ectly to

tl()corr'ectionifteguiros ttm

Wn th( v mchlaiation deveribed in thle se( uei, thle computation and application of SgI
I. i d in termis otf elevation and train ang~oes.

2. G. 4 DET'lAILEDll ALGORITHlM STIEPS

The following 1'7 steps impact the det Uks of the closed loop fire control algorithlm, including

prOgram logic. The steps are sum'marized in the CDLFC Subroutine Sequence Chart of

* Figure 2-14.

I. etect thle timle, tj event. Set thle target st ate estimator gains in the fourth row
(I. e. , those affecting (lte estimate of range) equal to zero.

A2. Using the ostimatMd value of time of flight, TF, com"pute
A

2 1 1;'

hreK Is to be hitl Lilly Set too v~alue o( 0. 95, but it must )o adjustable during
flight test.

3.The gunner continues precise tac,!' ing if the target over the Interval t , ,
Having defined thle time t2 OVei'" sigii,,. the gunner to break target trak via 2
thI, ituimnbg ready-to-fire light. IDisc.,tinue flashing after about 1 see to avd
interference with thle acquisition of thle strikepoint.

4. Also at t2-.mec target state estimator forward cunst with all gains set to
zer'o.

5. DOe -ct thle closuire of the ABIC switch, definling thle t3 evenlt. Capture thle sight
direction cosines atnd define them to be thle st rikepoint vector )I~w If

ktv t) is Ohe uinfiltered sight output at tile (3, tilen

b) s (t)

uvw uw ~ 9-72
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6. Also at t 3, capture the extrapolated target sightline direction cosines SUM (t3),
These are given a distinct label for future use.

A
SFu(t'3 S u (t 3A

S Fv(t3) s (t3 )
A

SFw (t3' w (t 3)

The subscript "F" designates the forward coasted value of the target sightline, as
distinct from the backward coasted value defined I-elow.

7. Also at t3 , commence storage of V1 ,2.3 and (1, 2 , 3 as used in the target state
estimator transition process. This storage process cotifi les until the event t4
when the ABC switch is released.

8. Detect the event t4 (release of A13C switch), which signals the fact that the ,unner
has re-established a precise target point. Capture the unfiltered sight direction

cosines s UVW (t4). Stop the target state estimator forward coast and return it to

its normal mode of operaiion except for the estimation of range. That is,
reactivate all gains except for those in the fourth row, these should be maintained
at zero.

9. Also at t4 . commence a backward coast of the target state transition p)rocess using
the algorithm listed in rable 2-30. Initialize this process with the unfiltered sight

w A
direction cosines, s UV(t4 ), and the estimated range, R (t4 ) . resulting from the

forward coast of the target state over t2 a t - t4 . Using the nomenclature of
Table 2-31. set

}S1 = su (t 4)

S2 s (t i4)

S3 s (t)
4

R R (14).

With k r and k4 designating the computer frames corresponding to times t3 and t4 ,

and V1, 2. 3(k) and w 1 . 2. )(k), the stored linear and angular velocity data. the back-
ward coast algorithm of Table 2-31 is to be executed for = kl - 1, k4 - 2.
k4 - 3 .... k3: that is, for k4 - k3 recursions.

10. At the completion of the backward coast process. capture the (,xtrapolated target
sightline direction cosines.

S u1t3) ST

s (t) S 32
lBv 3

sw(t) s3
-7, 3
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TABLE 2-30

BACKWARD INTEGRATION ALGORITHM

DRS = 0

DS1S = 0

DS2S =

DS3S = 0

. DO251 = 1, 2

9 RDOT = (VI * S1 + V2 * S2 + V3 * S3)

DR = - DT * RDOT

R = R +DR - DRS

DS1 = DT * ((Vi + RDOT * S1)/R + (W2 * S3 - W3 * S2))

DS2 = DT * ((V2 + RDOT * S2'/R + (W3 * S1 - Wi * S3))

DS3 DT * ((V3 + RDOT * S3)/R + (WI * S2 -W2 * S1))

S1 = S1 + DS1 - DS1S

S2 = 2+ DS2 - DS2S

S3 = 3+ DS3 - DS3S

DRS = DR

DS1S = DS1

DS2S = DS2

DS3S = DS3

25 CONTINUE

Q = 1.0/SQRT (Si** 2 + S2 2 + S3 **2)

S1 = Q *S1

S2 = Q *S2

S3 = Q *S3

11. Compute the elevation and train angles for both sFuvw(t3) and sBuvw(t3). The
algorithms required for this step are

1 2+s 2)
E = Tan (sw u v

-1T = Tan (-s/S)
v u

T'~,lng these algorithms, values for E T E and T are obtained.

F) F B' B
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12. Compute the average elevation and train angle according to

El (E + E.) T -(TF + T

13. Compute the elevation and train of the strikepoint

-1 2 2E b T an (b w Ab 11+ b
Eb Ta b, u v)

Tb  Tan-I (-bv b1)

14. Compute the gun corrections in elevation and train

8Eg = K1 (Es - Eb)

8Tg = K2 (Ts -T b)

The adjustable coefficients K1 and K2 are to be initially set to 1.0.

NOTE: The computational steps following are to be executed continuously.

15. Continuously compute the elevation and train of the gun position commanded by the
open loop fire control algorithm.

-12E = Tan (gw u2 *2

= Tan- 1 (-gv g)

16. Add the closed loop fire control corrections.

E* = E + 8Eg g g

T* = 8 T

For operation prior to the point in time when 8 E and 8 T g have been developed
from tbe str.kepoint observation these quantities should be set to zero.

17. Compute the direction cosines of the calibrated gunline.

cos E* cos T*
u g g

g* = cos E* sin T*
v g g

These sin E*

These are continuously transmitted to the gun servos.
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2.6.5 DEMONSTRATION OF PERFORMANCE

The numerical check problem to demonstrate the closed loop algorithm is included in

Section 6.1, Software Test Summary and Results.
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Section 3

CLOSED LOOP FIRE CONTROL SOFTWARE

3.1 OVERVIEW

The closed loop fire control system formulation has been progra-n med for the CDC 469 mini

computer in assembly level language. All assemblies have been accomplished at Frankford

Arsenal and the latest assembly on October 8, 1976 is permanently saved on magnetic tape at

Frankford Arsenal. File names and control card information pertinent to the October 8, 1976

Assembly are recorded on the DAY File at the end of the listing. The assembled program is

stored on two reels of blue mylar tape dated October 8, 1976 and is loaded into the CDC 469

8K memory by Frankford Arsenal's softwAre controUled, memory loader.

3.2 ORGANIZATION

The realtime software in the CDC 469 Computer consists of the following 'sections:

1. Page zero variables/constants

2. Executive/aircraft estimator

3. Line of sight estimator subroutine

4. Line of sight gain subroutine

5. Open loop fire control subroutine

6. Closed loop fire control subroutine

7. Interrupt service subroutine

8. Air data subroutine

9. Flight Recorder subroutine

10. CDC debug routine

11. Arithmetic subroutines (square root, sin, cos, arc tan, long shift, initial 0,
initial 1, matrix multiply).
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12. Loader routines

13. Variable array section

The locations in CDC 469 memory for each section is shown in Table 3-1.

TABLE 3-1

MEMORY MAP

SECTION DESCRIPTION IDENTIFYING NAME MEMORY LOCATIONS (OCTAL)

Page Zero PAGE 0 000000 to 000377

Executive Aircraft EXEC START 010407 to 011467
Estimator A C ESTIMATOR

Line of Sight Estimator LOSEST 0007567 to 010264

Line of Sight Gain LOS GAIN 000400 to 007017
Computation (TOG1. TOG2, TOG3.

TOG4. TOG5)

Open Loop Fire Control OLFC 011664 to 012131
Computation

Closed Loop Fire Control CLFC 012132 to 013051

Computation

Interrupt Service Subroutine INTR 007442 to 007512

Air Data Computations AIR DATA 011470 to 011663

Flight Recorder Subroutine FLT REC 013052 to 013331

CDC Debug Routine DEBUG 017060 to 017777

Arithmetic Subroutines INITO 010265 to 010327
INITI 007020 to 007116
LSQRT 007400 to 007441
LSHFT 007513 to 007520
MATM 007521 to 007566
SIN COS 013372 to 013413
ATAN 013332 to 013371

Variable Arrays 013734 to 017056 4!
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3.3 PAGE ZERO VARIABLES AND CONSTANTS

Most common variables, constants and scaling factors are stored in this section. The mode

control variables are also located in this area. All page zero data is directly accessible by

any program instruction throughout memory. The page zero data of interest with scaling

included, is listed in Table 3-6 as part of the Flight Recorder Subroutine.

3.4 EXECUTIVE AND AIRCRAFT ESTIMATOR

The executive is the routine which controls all logic and timing functions. all subroutine calls

and input 'output operations. The executive flow chart is shown in Figure 3-2. Closed Loop

Fire Control System modes are input by the executive in a packed format (Figure 3-1) and

unpacked into flag words. The flag words are then used to activate or deactivate the various

computational subroutines which supports the particular mode.

The Aircraft Estimator is an integral part of the executive and is always active at power on to

the Closed Loop or Open Loop switch positions of the Pilot's Control Panel. All timing is

based on a real time clock (30 Hz) which the executive synchronizes to at power on. The worst

case instruction execution timing is 26 milliseconds out of a total time available of 33. 3 milli-

seconds.

MSB LSB

ABC CLOSED
ACTION ACQUIRE TAPE LOP GUNACTIN FIE LOP ,• °NOT USED--~

SWITCH BURST START MODE ERROR

CENTROID

BIT 0 BIT 15

BIT = 1, Mode Active

BIT = 0, Mode Inactive

Figure 3-1. Executive Flow in a Packed Format
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The discrete inputs, discrete output to the fire inhibit light of the sight. and the digital to

analog output to the turret servo are directly serviced by program instructions in the executive.

The gyro digital inputs atod the malog to digital inputs are initiated by the executive but are

tied to the in terrupt system and are serviced by the interrupt service routine. When all pro-

gram instructions are completed, the executive stays in a wait loop until the real time clock

causes an interrupt to the beginning of the executive.

3.5 LINE OF SIGHT ESTIMATOR SUBROUTINE

This subroutine is active when the action switch is on. It continually computes and maintains

an estimate of the line of sight and range to the target. At action switch on, range from the

range pot of the Pilot's Control Panel is inserted once. The gunner sight line direction cosines

are continuously inserted during the time this subroutine is active. A detailed description of

the formulation of this subroutine is included in paragraph 2. 4. 5,

3.6 LINE OF SIGHT GAIN SUBROUTINE

This subroutine is also active when the action switch is on. It coriputes the thirty gains

required by the Line of Sight estimator. The subroutine is sub divided into five modules. One

module is executed for each execution of the complete executive. The complete gain compu-

tations requires 166. 666 milliseconds. A set of new gain values are computed every five

executions of the executive. A description of the formulation of this subroutine is included in

paragraph 2.4 5.8.

3.7 OPEN LOOP FIRE CONTROL SUBROUTINE

This subroutine is active when the actio , switch is on. It computes the lead angles, adds in

any closed loop fire control corrections and computes the differential gun orders that are out-

put to the turret. The relative air density P/ko is computed by the following method:

PP = P/Po = KPP. PS/TA

where KPP = 19. 605. The formulation of the open loop computation is doscribed in Subsec-

tion 2.5.
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3.8 CLOSED LOOP FIRE CONTROL SUBROUTINE

This subroutine is active when the action switch is on and the system mode switch on the pilot's

control panel is in the closed loop position. It uses the fire and acquire burst centroid dis-

cretes, the aircraft estimator outputs and the line of sight estimator inputs and outputs to

compute a fire control correction based on first burst strikepoint observations. The forumla-

tion of the closed loop computation is described in Subsection 2. 6. The subroutine flow chart

is found ir Figure 3-3, with supportive nomenclature in Tabie 3-2.

3.9 INTERRUPT SERVICE SUBROUTINE

This routine services any hardware interrupts that are initiated by the executive. The real

time clock, the gyros and the analog to digital signals are tied to the interrupt system. When

an interrupt occurs the program instruction address is forced to de interrupt service routine

and the interrupting device is determined and serviced. The program address L, then returned

to the address at the time the interrupt occurred. Table 3-3 shows the signals and addresses

in memory serviced by this routine. Table 3-4 shows the scaling terms applied to the input

signals. A description of the interface of this routine with the associated hardware is provided

in paragraph 4.2.5.

3.10 AIR DATA SUBROUTINE

This subroutine is active at power on to the closed loop fire control system. It converts and

scales raw input signals to the proper engineering units used in the computer. Table 3-4 lists

the variables computed by this subroutine which have direct scaling of the form

X'= AX+B

where X is the input as a result of the Interrupt Service Subroutine. A and B are the scaling

value and offset, respectively, that produce X' in the desired engineering units with the

desired resolution.

Othor inputs have more complex scaling algorithms and are described in the following para-

graphs.
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TABLE 3-2

CLFC SUBROUTINE SYMBOL DESCRIPTIONS

NAME DESCRIPTION

FIREIF One Pass Flag for Fire

FIRE Fire Discrete

FIREF Flag to Control Indication of End of Scaled Time of Flight

ABCF Acquire Burst Centroid Flag - First Pass Only

RTTF Flag to Control Execution of Recursio, Computations

SAMCNT Coast Line of Sight Estimator Flag

RCF Coast Range in Line of Sight Estimator Flag

STF Scaled Time of Fliglt

ABUFC Velocity and Angular Rate Buffer Counter

ABUF Velocity and Angular Rate Buffer Address

TIM EF Flag to Control Execution of Fire Inhibit Light Computations

TIMER Delay Counter

OPF One Pass Flag for Recursion Computations

ABC Acquire Burst Centroid Discrete

EF ELEV Estimated at ABC

TFF TRAIN Estimated at ABC

Eb ELEV Measured at ABC

Tb TRAIN Measured at ABC

Vuvw Estimated Velocities

Wuvw Estimated Angular Rates

EB Recursed ELEV of Strikepoint

TB Recursed TRAIN of Strikepoint

ES Average ELEV at Firc

Ts Average TRAIN at Fire

A E Closed Loop Correction ELEV

A T Closed Loop Correction TRAIN
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TABLE 3-3

INPUT SIGNALS SERVICED BY INTERRUPT ROUTINE

MEMORY
LOCATION NAME DESCRIPTION

225 GYROX GYROX - Incremental Roll Rate (1/30 Sec)
226 GYROY GYROY - Incremental Pitch Rate (1/30 Sec)

227 GYROZ GYROZ - Incremental Yaw Rate (1/30 Sec)

014514 CHANO AU - Acceleration u

014515 CHAN1 AV - Acceleration v

014516 CHAN2 AW - Acceleration w

014517 CHAN3 STHETA- Sin Pitch

014520 CHAN4 CTHETA- Cos Pitch

014521 CHAN5 SPHI - Sin Roll

014522 CHAN6 CPHI - Cos Roll

014523 CHAN7 PS - Static Pressure

014524 CHAN8 TA - Air Temp

014525 CHAN9 PD - Differential Pressure

014526 CHAN10 SU - Sightline u

014527 CHAN1I SV - Sightline v

014530 CHAN12 SW - Sightline w

014531 CHAN13 Ezt. Range - Estimated Ranga

014532 CHAN14 SPARE - Not Used

014533 CHAN15 SPARE - Not Used
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The software computes airspeed of the aircraft according to the following relations:
I1/2

i/KVxTA x PD1/

VELU KXP )

VELV = 0
VELW = KC x VELU2

Where KV = 6177. 5647B -13 (Loc 241)

KC = 0. 0004284999B +8 (Loc 235)

Relative air density P,'Po is computed in the Open Loop Fire Control Subroutine.

The sightline direction cosine signals are subject to variations caused by fluctuations on the

400 Hz carrier (reference voltage). Variations are also caused by demodulator ripple in the

a-c to d-c conversions. Normalization solves these problems by extracting the pure sine

and cosine terms according to the following:

CHAN1O = Su = K Cos E Cos T

CHANlI = Sv = K Cos E Sin T

CHAN12 = Sw = K Sin E

Where K is proportional to the reference voltage; the nominal value for K is 28,330.

The normalized sightline direction cosines are

SCu = Su = Su// Su2 + Sv 2 + Sw 2

SCv = Sv = -Sv/,/Su2 + Sv 2 + Sw 2

SCw = Sw = -Sw//Su2 +Sv 2 +Sw 2

where: where:

CHAN10, 11, 12 = Suvw = Electrically measured sightline direction cosines.

SCuvw = Suvw = Normalized observed values of sightline direction cosines.

The aircraft attitude signals, pitch and roll, are subject to variations caused by fluctuations

on the 400 Hz carrier (reference voltage). Variations are also caused by demodulator ripple
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in the a-c to d-c conversion. Normalization of these signals is accomplished and the direc-

tion of the vertical vector with respect to the airframe is determined according to the follow-

ing:

Zu = Sin / (Sin 2 2 +Cos 2 & )1 2

2 2 1 '2 /
Zv = (Cos e (Sin & Cos & )e2) (Sin (Sin2  + Cos 2 € )1/2

2 2 1,2 2 2 1 2Zw = (CosO (Sin 2 & + Cos 8 )(Cos (Sin2 + Cos )

where

Sin = CHAN3

Cos 0 = CIIAN4

Sin = CHAN5

Cos € = CIIAN6

are the measured input signals from the A,'D.

3.11 FLIGHT RECORDER SUBROUTINE

The Flight Recorder Subroutine stores real time data on the flight recorder. This subroutine

is activated by the executive when the tape st -1 switch is turned on at the pilot's control

panel. There are two modes of operation, mode zero and mode one. The mode select flag

resides in page zero, address 2308. An octal 0000008 will select mode zero and an octal

1777778 will select mode one operation. The number of tape starts is recorded in the variable

TAPECNT in location 558 of page zero. This variable is used to record the target pass num-

ber. Each time the tape start switch on the pilot's control panel is cycled from off to on, this

variable increments by one. It is "OR ed" into the packed discretes variable PDTSC at loca-

tion 2478, and is therefore stored by the flight recorder.

3.11.1 MODE ZERO OPERATION

Mode zero operation stores the same seven words of data every computer iteration in a stor-

age buffer. At the end of the seventh iteration, the 49 words in the buffer plus one index word

is output to the flight recorder. In order to record more data, the action switch flag is moni-

tored for the inactive state, when this occurs a different set of data is stored in the storage

buffer. Table 3-5 shows the data set being recorded in mode zeru.
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TABLE 3-5

MODE ZERO RPCORD

COMPUTER WORD VARIABLE LOc. VARIABLE LOC.
ITERATION NO. (ACTION SW ON) (OCTAL) SCALE (ACTION SW OFF) (OCTAL) SCALE

0 Index Word

I Discretes 247 Discretes 247
2 X11OAC (sin 8 )340 B-10 mr. X _IOAC (sin 8 340 B-10 mr.

3 XtIIIAC (tan ) BO XtI1AC (tan 0 BO

X1112AC rad. X111l2AC rad.

4 XG2LOS (LOS tan T) - BO TS (AVE LOS TRAIN 041 B-1
X1,11,--' rad. AT ABC) rad.

5 X1I3LOS (LOS 345 13-10 mr. ES (AVE LOS ELEV 272 B-1
sin ELEV) AT ABC) rad.

6 TG (GUN TRAIN) 252 B-1 rad. TSP (BULLET TRAIN 314 B-1

STRIKEPOINT) rad.

7 EG (GUN ELEV) 251 B-i rad. ESP (BULLET ELEV 313 B-i
STRIKEPOINT) rad.

8 Discretes 247 Discretes 247

9 XHI0AC (sin & ) 340 B-10 mr. XHIOAC (sin 8 ) 340 B-10 mr.

10 XIIIIAC (tan ) - BO XHIIAC (tan 0) BO
XHI2AC rad X-itl2AC rad

n + 1 11 XH2LOS (LOS tan T) - BO TS (AVE LOS TRAIN 041 B-1
XIU rad AT ABC) -ad

12 XII3LOS (LOS 345 B-10 mr. ES (AVE LOS ELEV 272 B-I
sin ELEV) AT ABC) rad

13 TG (GUN TRAIN) 252 B-I rad TSP (BULLET TRAIN 314 B-i
STRIKEPOINT) rad

14 EG (GUN ELEV) 251 B-I rad ESP (BULLET ELEV 313 B-I
STRIKEPOINT) rad

15 Discretes 247 - Discretes 247 -
16 XH1OAC (sin 8 ) 340 B-10 mr. XH1OAC (sin 0) 340 B-10 mr.

17 XHIlAC (tan 0) - BO XH1iAC (tan cfP) - BO
Xltl2AC rad X 1-2TA rad

n + 2 18 X112LOS (LOS tan T) - BO TS (AVE LOS TRAIN 041 B-1
XH1LOS rad AT ABC) rad

19 XH3LOS (LOS sin E) 345 B-10 mr. ES (AVE LOS ELEV 272 B-1
AT ABC) rad

20 TG (GUN TRAIN) 252 B-i rad TSP (BULLET TRAIN 314 B-I
STRIKEPOINT) rad

21 EG (GUN ELEV) 251 B-1 rad ESP (BULLET ELEV 313 I-I
STRIKEPOINT) rad

22 Discretes 247 Discretes 247

23 XHIOAC (sin 8 ) 340 B-10 mr. XHlOAC(sin 0) 340 B-10 mr.

24 'fiH1AC (tan 0) BO XHIIAC (tan ck) - BO
XH124,C rad Xlf12AC rad

n + 3 25 XH2LOS (LOS tan T) - BO TS (AVE LOS TRAIN 041 B-i
-v t rad AT ABC) rad

26 XH3LOS (LOS sin E) 345 B-10 mr. ES (AVE LOS ELEV 272 B-i
AT ABC)

27 TG (GUN TRAIN) 252 B-i rad TSP (BULLET TRAIN 314 B-I

STRIKEPOINT)

28 EG (GUN ELEV) 251 B-I rad ESP (BULLET ELEV 313 B-i
STRIKEPOINT) rad

H ,3-13
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TABLE 3-5 (Continu.,d)

COMNPUEI WORID VARIABLE LOC. VARIABLE LOC
ITERATION NO. (ACTION SW ON ,  OCTAL) SCALE (ACTION SW OFF) tOCTAL) SCALE

29 liscretes 2478 - iscretes 2478 -

3o XII1OAC ' 0 ) 3408 13-10 mr. XIIIOAC (sin 8 1 340 113-10 ii'r.
31 .Nl 0an - 50 X1ii AC (taI3 0) - HO

3 X11I2AC rad XIII2AC rad

n 4 32 XII2LOS (LOS tan T) 130 TS (AVE LOS TRAIN 041 B-I
tXII z'ad AT ABC) rad

33 N II3LLS LOS sin El 345 B-t0 mr. ES (AVE I,3 ELLV 272 1-I
AT ABC) rad

34 TG (GUN TRAIN) 252 13-1 rad TSP (MULLET TRAIN 314 13-1
S1IRFPOINM) rad

35 EG (GUN ELEV) 251 13-I rad ESP BULLET ELEV 313 13-I
STRIKEPOINT) tad

36 0iscretes 247 D iscrete" 247s

37 XIIIOAC (sin 8 340 13-10 mr. XIIIOAC (sin 8 1 340 13-10 nir.

318 XIIIIAC (tan b I 130 rad XIIIIAC (tan 0 I - 130
%1112A( X112A rad

it 5 39 XII2LOS ILCt tan 'T) - 10 tad TS (AVE LOS TRAIN 041 B-I
31111. AT ABC) rad

40 X1l3LOS (LOS sin E) 345 13-10 nnW. ES (AVE LOS ELEV 272 13-I
AT ABC) rad

41 TG (GUN TRAIN) 252 13-I rad TSP (BULLET TRAIN 314 13-1

STRIKEPOINT) rad

42 EG (GUN ELEV) 251 B-1 rad ESP (BULLET ELEV 313 113-i
STRIKEPOINT) rd

S43 Di-scret e. 2,11, Dtscretes 247 [

4.1 XtIIOAC (sin 0 ) 340 13-10 mr. XIIIOAC (sin 6 340 13-10 mr.

45 XI2 AC (tin k6 130 mad XIIIIAC (tnk) - 130 mad

n (6 46 X112LOS (LOS tan T 130 rad Ts (AVE LOS TRAIN 041 B-I
111 LOS AT ABC) rad

.17 XFI3LOS (LOS sin E) 345 13-10 mr. ES (AVE LOS ELEV 272 1B-I
AT ABC) tad

48 TG (GUN TrllAIN, 252 B-1 -ad TSP (BULLET TRAIN 314 1-1
STRIKEPOINT) rad

49 EG (GUN ELEV) 251 B-I rad ESP (BULLET ELEV 313 131.1STRIKEPOINT) rad

3.11.2 MODE ONE OPERATION

Mode one operation does not store any variables in memory. It outputs 49 words plus one

index word at the end of every seventh computer iteration. Table 3-6 shows the data recorded

in this mode.
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TABLE 3-6

MODE 1 RECORD

(OCTAL)
VARIABLE LOC. SCALE DESCRIPTION

1 - 150 Index Word

2 PDISC 247 Packed Discretes and Tape Start Count

3 GYROX 225 B-6 MR Incremental ang. rate Roll 1/30 sec

4 GYROY 226 B-6 MR Incremental ang. rate Pitch 1/30 sec

5 GYROZ 227 B-6 MR Incremental ang. rate Yaw 1/30 sec
6 ACCU 102 B-6 ft/sec2  Measured aircraft acceleration u
6 ACCU 102 B-6 ft/sec 2  Measured aircraft acceleration u
7 ACCV 103 B-6 ft'sec2  Measured aircraft acceleration v

8 ACW 104 B-6 ft/sec2  Measured aircraft acceleration w

9 VELU 324 B-8 ft/sec Measured aircraft velocity u

10 VELV 325 B-8 ftsec Measured aircraft velocity v

11 VELW 326 B-8 ft'se Measured aircraft velocity w

12 ZU 361 B-10 MR Aircraft vertical u

13 ZV 362 B-10 MR Aircraft vertical v

14 ZW 363 B-10 MR Aircraft vertical wv

15 SCU 276 B-10 MR Measured sight line u
16 SCV 277 B-10 MR Measured sight line v

17 SCW 300 B3-10 MR Measured sight line w

18 PS 254 B-9 lbs,'in2  Static air pressure

19 PD 255 B-5 lbs,'in2  Differential air pressure

20 TA 315 B-9 k°  Temperature absolute

21 XSIAC 022 B-11 MR Aircraft ang. rate u

22 XS2AC 023 B-11 MR Aircraft ang. rate v

23 XS3AC 024 B-11 MR Aircraft ang. rate w

24 XH4AC 332 B-1 ft.'sec 2  Estimated error specific force u
25 XH5LC 333 B3-1 ft/sec 2  Estimated error specific force v26 XH6AC 334 B-1 ft/sec2  Estimated error specific force v

27 XH7AC 335 B-8 ft/sec Estimated velocity aircraft u

28 XH8AC 336 B-8 ft; sec Estimated velocity aircraft v

29 XH9AC 337 B-8 ft/sec Estimated velocity aircraft w

30 XH10AC 340 B-10 MR Estimated aircraft zu

31 XH11AC 341 B-10 MR Estimated aircraft zv
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TABLE 3-6 (Continued)

(OCTAL)
VARIABLE LOC. SCALE DESCRIPTION

32 XH12AC 342 B-10 MR Estimated aircraft zw
33 XH1LOS 343 B-10 MR Estimated sight line u

34 XH2LOS 344 B-10 MR Estimated sight line v

35 XH3LOS 345 B-10 MR Estimated sight line w

36 XH4LOS 346 B-4 Kit Estimated tgt range

37 RDOT 257 B-0 Kftisec Range rate

38 TF 317 B-3 sec Time of flight

39 Q 256 B-5 ft/sec2  Gray. acceleration

40 GU 217 B-10 MR Estimated sight line u + "lead angle" u

41 GV 220 B-10 MR Estimated sight line v - "lead angle" v

42 GW 221 B-10 MR Estimated sight line w + "lead angle" w

43 TGCL 127 B-I rad Closed loop correction-train

44 EGCL 266 B-i rad Closed loop correction-elevation

45 230 - DuI y

46 SGYROX 301 B-6 MR Summed values of GYROX over last flight
recorder dump

4i SGYROY 302 B-6 MR Summed values of GYROY over last flight
recorder dump

43 SGYROZ 303 B-6 MR Summed values of GYROZ over ast flight
recorder dump

49 230 - Dummy

50 230 - Dummy

3.12 CDC DEBUG ROuTINE

This is a Control Data Corporation generated utility program which is included in the closed

loop system tape. It is tied to the ASR 33 Teletype and may be used to dump or change memory

locations in the CDC 469. This program resides in memory location 170608 to 177778. The
starting address is 171368. This program may be destroyed by the closed loop fire control

subroutine if the time between ABC (acquire Burst Centroid) and reacquisition of the target

exceeds 6 seconds.
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K :3.13 ARITHMETIC SUBROUTINES

There are eig!!' arithmetic utility subroutines which are used by the system software. The
following Table 3-7 lists the names and locations in memory.

TABLE 3-7

ARITHMETIC SUBROUTINES

NAME LOCATION DESCRIPTION

LSQRT 74008 to 74418 Square root subroutine

SIN 013372 to 013413 Sine and cosine subroutine

ATAN 013332 to 013371 Arctangent subroutine

LSHFT 75138 to 75208 Double precision shift subroutine

MATM 75218 to 75668 Matrix multiply subroutine

INITO 010265 to 010327 Power on initialization subroutine

INITI 007020 to 0071 16 Line of sight inactive initialization
subroutine

3.14 LOADER ROUTINES

There are two software memory loaders for the system. Each has to be hand entered into
memory via the console. The General Electric generated loader resides in memory locations
73148 to 73778 (Starting Address = 7314). This loader reads a special binary format tape. It

is used to read the G. E. test tape for testing system operation on the ground. The second
loader, made by Frankford Arsenal, is used to load ASCII formated tape. It is used to load
the Closed Loop Fire Control System tape. It resides in memory at location 72378 to 73128
(Starting Address = 72378). Table 3-8 lists the G.E. Loader and Table 3-9 lists the Frar.ikford

Arsenal Loader.

3.15 VARIABLE ARRAY SECTION

The variable array section extends from location 137348 to 170568 in CDC 469 memory.
Included in the section are the arrays used in the line of sight gain computations, the expected
state array for the line of sight computation, analog to digital input array, the aircraft
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expected state array and gains, temporary gain storage array, the flight recorder buffer

array, and the storage buffer for the closed loop fire control subroutine.

TABLE 3-8
GENERAL ELECTRIC MEMORY LOADER

7314 006 001 U,1S I

7315 014 177 ENR 17711 101

7316 104 010 .S I 10U Make 37713 - tart addr code

7317 004 301 INC I 10t

7320 015 507 ENR 10711 1311

7321 105 113 1S I 1311 Make 21711 - lto) code

7322 005 701 IYC I 13D

7S23 014 417 EN R 171 ID Ma,k d ta

7324 013 400 ENI 0. 7 Setup for pack subr

7325 015 374 EN? -4 12B

7326 142 000 Otrr 0 4 Advance I frame

7327 00') 417 S103 Read. 171l Get a frame in IN4

7330 007 357

7331 004 14-1 SKEQ 4 101) 3771)'

7332 010 326 ENP - -4 No Try again

7333 000 416 SR.! Pack 1611 Ye-s Next frames A
4
cress in R5

13.4 007 363

735 046 405 II)M 5. I Pt address in Ill Index)

73:6 000 41C SIl, [lack 1611 Get dat.

37 007 363

7340 072 400 STR X 0 5 Store via Ill

7341 053 000 0)1l X 0 6 [lead back to vtrfv STORE

7342 002 54i) SKEQ 6 5 R6 -- R5
7343 010 343 E'l Stop - ban store - check NRI)O

7344 000 701 I"C I I d bump 116 address

7345 142 000 Ot1 0 4 me

7346 000 417 SRi Head. 1711 14 .rance

7347 007 357

7350 0)4 104 ShNE 4. 10B 377D'

7351 010 333 E.P * -16B Yes. get address

7352 005 504 SKNE 4. 131 No ck for stop code 2178

7353 010 353 ENP Yes , 21713 sop

7354 000 416 SWJ Pack 3. 1611 No , 2171. continue

7355 007 366

7356 010 340 ENP * -1613 Go get data

7357 162 04 Read INP 4. 4 Rtead I frame

7360 002 061 P.;3 * .2. 4

( 7361 010 357 F1P -2

7362 000 317 RTN 1711

7363 142 000 Pack 0 " 0. 4 Advance I frame

7364 000 417 SIt [lead. 171) Read I frame

7365 007 357 Head

7366 002 271 AND 1113. 4 Mask data to 4

7367 103 404 Adn 4.7 Build word in 117

7370 005 301 IN C I. 121

7371 005 062 PIP ".3. 1213 F-cit when W21) pms.

7372 003 723 LS 4.7 4 lIlTS

7373 010 363 ENP * -101)

7374 042 407 1.1)11 7.5 Traibsfer word to 115

7375 013 400 ENR 0.7 Reiniltialie for n.xt c-all

7376 015 374 ENI -4.1211

7377 000 016 iT;; 1611
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TABLE 3-9

F1lANKFORD ARSENAL MEMORY LOADER

7237 013 067 ENR 671B. 6 ASCII for 7B

7240 013 457 ENR 5713. 7

7241 006 001 LIS 1 Ri - index register

7242 014 006 ENR 6. 8 6 character test

7243 017 407 ENR 7. 15 To convert ASCII to octal

7244 015 400 ENR 0, 11 Clear word accumulator

7245 016 000 ENR 0. 12 Initialize character count

7246 142 000 STARTR OUT 0.4 Advance reader 1 frame

7247 162 012 INP 10. 4 Input character

7250 005 061 PJP * +2. 10 Jump if ready

7251 010 006 ENP * -2 Loop for ready

7252 014 577 ENR 177B, 9 Convert to 7 bit ASCII

7253 005 271 AND 9,10

7254 104 453 ENR 053B. 9

7255 005 111 SKNE 9. 10 Skip if not +

7256 010 035 ENP ENTERWD (ENTERWD at 3035)

7257 014 456 ENR056B, 9

7260 005 111 SKNE 9. 10 Skip if not

7261 010 046 ENP SET X (SETX at 3046)

7262 003 172 SKLE 10. 6 Check to see

7263 010 005 ENP STARTR K, character input is 0 - 7

7264 003 532 SKGT 10. 7 (octal ). If not

7265 010 005 ENP STARTR input next character.

7266 006 150 STORE SKEQ 8. 12 Skip if too many characters

1 7267 010 030 ENP *+2

7270 010 027 ENP *+0

7271 005 277 AND 15, 10 Convert ASCII to octal

7272 005 722 LS 3, 11 Shift word store to accept character

7273 105 412 ADD 10, 11 Add char. to word store.

7274 006 301 INC 1, 12 Increment character count

7275 010 005 END STARTR Go back and input next character

7276 006 150 ENTERWD SKEQ 8. 12 Skip if correct (6) number

7277 010 036 ENP * +0 Of characters to be stored

7300 007 041 NJP * -2, 14 If R14 -. verify mode
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TABLE 3-9 (Continued)

7301 075 400 STR, X, 0, 11 Store word7302 056 400 LDR, X, 0. 13 Load for verify7303 006 553 SKEQ 11. 13 Verify stored count7304 010 043 
ENP 

Halt if not "erified7305 000 701 fNC 1, 1 Increment index register7306 010 003 ENP STARTR - 2 Next character7307 006 150 SET X SKEQ 8, 12 Ski) if correct (6) number7310 010 047 ENP +10 of characters to set7311 040 413 TRF 11. 1 Index reg.7312 010 003 ENP STARTR - 2 Next character
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Section 4

CLOSED LOOP FIRE CONTROL SYSTEM HARDWARE

4.1 OVERVIEW

The hardware developed on the Closed Loop Fire Control contract includes the following. All

items except Items 4 and 5 have been installed on the AH-1G Helicopter SN 15003, which was

at this facility from October 1975 to June 1976. The installation of these items on the air-

craft is shown in Figure 4-1.

1. Computer Interface Unit (CIU), GE Assy 293E268G .

This unit houses the Control Data Corporation (CDC) Model 469 Processor, a
power supply and eight printed circuit boards. The boards ".nclude A/D and D/A
conversion, digital control, console interface, and flight recorder interface.

2. Inertial Measurement Unit (IMU), GE Assy 123D6654G1

This unit houses three rate integrating gyros, three accelerometers, and a sensor
buffer printed circuit board.

3. Inertial Measurement Unit (IMU) Electronics, GE Assy 293E269GI

This unit houses a power supply and six printed circuit boards. The boards
include gyro electronics and digital control.

4. Program Console Unit (PCU), GE Assy 123D6446G1

This unit includes two printed circuit boards for Processor/Programmer's Con-
sole Interface. It resides within the Console Cabinet, GE Assy 123D7231, shown
in Figure 4-2.

5. Flight Recorder Ground Unit, GE Assy 123D5802G1

This is a GFE item originally developed on the MWFCS program. The unit trans-
fers data from the GFE Flight Recorder to cassette tapes, which become permanent
storage for flight test data. The unit may then be used to dump selected data from
the cassettes to a Hewlett Packard 2115A Computer for processing.

6. Conteol Panel, GE Assy 123D6891G1

This unit will allow the pilot to control the various operating modes of the CLFCS,
including instrumentation commands and estimated range input.

4-1
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Figure 4-2. Console Cabinet
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7. Air Data Sensors

Air Data Sensors will be installed as inputs to the CIU.

Absolute Temperature Probe, GE 854D716P1

Absolute Temperature Amplifier, GE 854D733P2

Static Pressure Transducer, GE 930C700P1

Dynamic Pressure Transducer, GE 854D715P1

The total system design includes 14 board designs, 17 boards to be fabricated.

r In addition to the previous items, the following GFE items will be installed on the aircraft.

1. XM97 Turret and 20 MM Gun

2. Im-r'oved Pantograph Sight

3. Turret Electronics Unit

4. Gun Control Unit

5. Sight Stabilization Unit

6. Turret Circuit Breaker

7. Turret Interface Unit

8. Pilot Control Panel

9. Gunner Control Panel

10. Flight Recorder

11. Camera and Fiber Optics

12. Camera Film Marker Electronics

13. Vertical Reference Unit

I.ems 2, 4 and 7 of the above (..'E have been modified to meet the interface r equirements of

the CLFCS.
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Control Data Corporation peripheral equipment supplied by Frankford Arsenal for use with the

CDC 469 Processor includes the following, which have been packaged in the Console Cabinet,

GE Assy 123D7231, shown in Figure 4-2.

1. Programmer's Console with Video Monitor

* 2. Punched Tape Memory Loader

3. Teletype Controller

4.2 COMPUTER INTERFACE UNIT

This section presents a description of the Computer-Interface Unit (see Figure 4-4) discuss-

ing its functions, operation at a block diagram level, and its interconnection with other system

components. The functional block diagram for this hardware is found in Figure 4-3.

The Computer-Interface Unit (CIU) provides five functions:

1. Translates aircraft system information into a digital format for use in the general
purpose digital processor.

2. Performs necessary computational tasks to provide lead angles or lead angles plus
closed loop corrections to the aircraft weapon system.

3. Translates the digital quantities representing lead angles generated by the general
purpose digital processor into analog correction signals to command the gun turret
to a desired position.

4. Provides a discrete to the sight/turret subsystem to inhibit tie firing of the weapon
at times when the processor has not arrived at a valid solution.

5. Provides digital data to be recorded on a flight recorder which will aid in evaluating
the performance of the airborne fire control system.

4.2.1 ANALOG SIGNAL CONDITIONING

The aircraft sensors provide various forms of analog signals which must be conditioned and

converted to a digital format to be compatible with the general purpose computer. The defini-

tion of the analog signal types and their multiplexed analog to digital channel assignments are
listed in Table 4-1. For the following description, reference may be made to the functional

block diagram in Figure 4-3.
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TABLE 4-1

ANALOG INPUTS

CHANNEL NO. SIGNAL NAME SIGNAL TYPE

C Acceleration U DC

1 Acceleration V DC

2 Acceleration W DC

3 Sin Pitch
4Csic3-Wire Synchro
4 Cos Pitch

5 Sin Roll
3-Wire Synchro

6 Cos Roll

Static Pressure DC

10 Ambient Temperature DC

11 Differential Pressure DC

12 Sight U AC

13 Sight V AC

14 Sight W AC

15 Range Estimate DC

16 10 VDC Reference DC

17 Analog Ground DC

The vertical reference signals, pitch and roll, are received in the CIU in 3-wire synchro

format. These signals are processed by a 2-channel synchro to direct current sine.'cosine

converter, and the resulting four signals are thereafter treated as DC inputs. This converter

utilizes a Scott-T input, thereby offering DC isolation in its interface with the vertical

reference.

The DC signals are received by differential amplifiers utilizing active filters with a break

frequency of 3 hertz and a 40 db/decade attenuation. The break frequency, a decade below the

A/D sampling rate of 30 hertz, was chosen to minimize measurement errors produced by the

aliasing of signal frequencies equal to or greater than one half the sampling rate. The low
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frequency filters for the three accelerometer signals are resident in the sensor pa,:age

external to the CIU; within tie CIU differential amplifiers utilizing passive T-filters with
500 hertz break frequency and 20 db/decade slope attenuate line noise that may have been

introduced. Range Estimate is generated by a manually set potentiometer. Since it is not

time-varying, it is given the same DC conditioning within the CIU as the accelerometer

signals.

The three AC signals from the sighting station are first buffered by differential amplifiers,

then converted to DC through a phase sensitive demodulator. The signals are then conditioned

by active filters similar to those for the DC inputs, attenuating the demodulator ripple by

130 db.

4.2.2 A 'D CONVERSION

The fourteen analog signals in buffered DC format are tied to the inputs of a sixteen channel

multiplexer. In addition an internal 10 volt DC reference and analog ground are tied to the

remaining two multiplexer channels for test purposes. Any of the si>4-,en signals may be

made available to the sample and hold amplifier input to the A/D by vare control, The

appropriate four bit code representing the octal multiplexer channel number defined in Table

3-1 is output from the digital processor (CDC 469) on output data lines bits 12 through 15, and

Device Code 16B is addressed. The sample and hold then samples the desired input, and

holds its analog value constant long enough for the successive approximation AiD converter to

make its conversion. The converted digital value is then clocked into a set of tri-state latches

to be made available to the CDC 469.

4.2.3 DISCRETE INPUTS

At the beginning of each computer iteration (1/30 second) the Interrupt Clock sets the present

values of the Discrete Inputs into a set of tri-state latches. Since the discretes are at a

28 VDC level at the input to the CIU, each requires a 28 VDC to CMOS level translator prior

to being fed to the tri-state latches. The CDC-469 packs the discretes into the first eight

digits of a computer word. For instrumentation purposes, the CDC 469 also utilizes the last

eight bits of the same word to store the output of a software counter which indicates the num-

ber of times the flight recorder has been set in motion. The assignment of the bit locations

for the discrete worci is given in Table 4-2. The discrete word may be found at computer

location 247.

4-9
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TABLE 4-2

DISCRETE INPUTS

BIT SIGNAL LOGIC
LOCATION NAME INVERSION DESCRIPTION

0 ACTION Yes Indicates that gun is being commanu e.d to
follow sight.

I FIRE Yes Indicates that weapon is firing.

2 ABC Yes Acquire Burst Centroid. hIdicates that sight
is directed toward impacts rather than the
target.

3 TAPE ON Yes Indicates that flight recorder is in motion.
CIU hardware delays discrete by 2 sec. to
allow transport to achieve regulated speed
prior to recording.

4 CL MODE Yes Commands computer io apply closed loop
corrections to second firi!, ,. within one engage-
ment. Otherwise second firing wili have open
loop solution only.

5 GUN ERROR No Indicates that gain is not servoed to corn-
manded position or that computer has not
arrived at valid solution or that computer is
signaling gunner to break track.

6 DISC 6 Yes Spare discrete electrically held at logic
level "1".

7 DISC 7 Yes Spare discrete electrically held at logic
level "1".

8 B8 No Software counter output representing the
number of times the flight recorder has been

9 B9 No set in motion. This will be the file number
assigned to a continuous block of recorded j

10 1310 No data. The MSB is B8. the LSB is B15.

11 BII No

12 B12 No

13 B13 No

14 B14 No

15 B15 No
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4.2.4 ANGULAR RATE INPUTS

Aircraft angular rates are presented to the CIU from the Inertial Measurement Unit (IMU).

The IMU utilizes three rate integrating gyros aligned along the aircraft body axes. Each gyro

is in a pulse torquing loop with pulse rate a measure of inertia rates and pulse count a niea-

sure of angular position. The net clockwise 'counterclockwise pulse count is stored in a

counter. Upon request from the CIU, the IMU will sample all their counters, store this

information in a transfer register, aset the counters to zero, and signal the CIU that the

data is available. The data available signal initiates three 16-bit data word transfers. the 12

least significant bits of each being tangible gyro data. The tranisfer of data from the IMU to

CIU is made in serial format at a 500 kHz clock rate. Once the first word is received at the

CIU. it is stored in a random access memory (i. e.. external to the CDC 469) and the second

transfer begins. This process is again repeated and finally the data is transferred from the

random access memory to the CDC 469 in three input operations.

4.2.5 CDC 469 COMPUTER INTERFACE UNIT COMMUNICATION

A conventional interrupt system with the CDC 469 initiating all service has been utilized to

control the data flow between the general purpose digital processor md the CIU interface

circuitry.

In the previous sections, it was simply stated that data was transferred to the processor. To

understand the mechanism of this operation, a discussion of the first iteration following a

power-on situation will follow.

Once pow er is applied to the system. a master clear pulse from the CIU forces the CDC 469 to

its starting address where a short power-on routine initializes the processor to the correct

program location. At the same time a power-on reset pulse within the CIU conditions its

interface boards to the start condition. The CDC 469 has two preset starting addresses.

Normally the processor goes to the cold start starting address 10400. However. at power-up

a timer in the CIU hardware detects whether the power had been interrupted for greater or

less than 2. 5 seconds. For an interruption of less than 2. 5 seconds, the CIU activates the

alternate starting address line to the CDC 469, and the processor is forced to location 11000.

A countdown of the CIU 3 MHz oscillator is now underway. and 1 '30 of a second later the

30 Hz interrupt clock generates an interrupt request. Upon recognition of this interrupt, the

processor begins its computational tasks. For a cold start situation, the first software task
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is to time out a delay of 150 iterations of the 30 Hz interrupt clock, or 5 seconds. This delay

allows tle fr th gyros in the IMU to spin up to speed.

All interfacing service is initiated by the processor; at a time determined by the processor

software, a request for 1 '0 data is made. The interface system responds to this request by

initiating one of several operations depending on which data is requested.

The request for A'D data is accomplished by selecting the A D device controller, which is

assigned DEVICE SEL 16. using an output data instruction. The data transferred to the A,'D

selects the desired multiplexer channel to be converted, and initiates the conversion process.

Once this output instruction is completed, the processor is free to rcturn to computatio,:. The

conversion of one piece of A D data will now take 100 psec to complete. and upon completion

a request for service will be sent to che processor using a level one interrupt, and the inter-

rupt code for the A D converter, listed in Table 4-4. is loaded into the device code transfer

register. Upon answering the interrupt request, the processor reads the transfer register.

detects w-hich driver interrupted it. and jumps to the service routine for that device, which in

this case is the A D converter. The data is then read from the AID and the service request is

reset. After completion of the service routine, the processor will return to its normal com-

putational mode. The software may initiate another A D data request, or. if the 16 word A,'D

data buffer is satisfied, gyro data from the lvIU may now be requested. The servicing of the

gyro's is similar to that of the A D with the exception that three 16 bit words will now be taken

sequentially.

The interface system was designed and built with a three level priority technique which com-

plied with Control Data Corporation documentation. The system would handle simultaneous

interrupt requests with the following order of hardwired priority:

1. Interrupt Clock

2. Gyro

3. A "D Converter

For other than simultaneous requests, the devices are serviced on a first-come. first serve

basis. In either event, overlapping service requests are stored in the interface logic until

service is available. However, contrary to CDC documentation, the CDC 469 could not han-

dle any service request if there is another interrupt pending. Therefore it is imperative that

the software be designed to guarantee that each interrupt be serviced before anothe: is initiated.
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In addition to the A/D and gyro inputs are the discrete inputs. Since all discrete data

(Table 4-2) is packed into one 16-bit word, it need not operate on an interrupt basis.

Shortly after the interrupt clock is serviced, the software selects the discrete device (channel

6) and reads the data which has been clocked into a storage register.

The functional block diagram of Figure 4-3 shows that the data transferred to the processor is

organized on a common bus system. Each input device, i. e., the A,'D, gy'os, discretes, and

transfer register, places its data on this bus through tri-state quad latches which only become

active when that particular device is selected. The CIU utilizes twelve of the possible sixteen

bits of the input data bus, with the remaining four bits forced to zero by means of open circuit

logic convention.

4.2.6 D/A CONVERTER

After processing the various pieces of data and arriving at a solution for gun order corrections

to the original sight command position, a set of three D/A conve rters is utilized to translate

this data into a form acceptable to the gun turret system. At a time determined by the soft-

ware. U. V. or W axis correction signals are sent from the processor out over the output data

bus to thf selected D'A converter. Each of the converters function as a separate output

device; the channel code assignments are listed in Table 4-3. The selected converter stores

the output data in a 12-bit holding register and within 10 p second converts this data to a 400 Hz

amplitude scaled signal which is sent to the command inputs of the gun turret resolver chain,

to be summed with the improved pantograph sight output vector to generate a desired gun posi-

tion 7ommand. As long as the software has a valid open loop solution, the D/A outputs will .,e

updated at the software iteration rate of 30 Hz, otherwise the outputs will be clamped to zero.

i. 2.7 FLIGHT RECORDER

TheCIU has a subfunction of datalogging suchthat a selected set of parameters maybe recorded

inflight for useinthe system evaluation and~or troubleshooting. The selected data is trans-

ferred fromthe processor to first in-first out (FIFO) memories. The transfer from theFIFO's

in the CIU to the government furnished flight recorder is set at a bit rate of about 4 kHz, or 4

msec per 16-bit word. Weighing this rate against the 30 Hz processor iteration rate and the

available software space, a limited flexibility in recording mode relating recording rate to num-

ber of variabies recorded was established. In software controlled Mode 0, seven parameters

from one itaraiion are stored in a software buffer, followed by the same seven parameters for f
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rABLE 4-3

1i' CHiANNri. CODE ASSIGNMENTS

CHANNEL CODE
CH ANNE L___
NUM13ER DEVICE C130 C131 C132 C133

0 Video Monitor 0 0 0 0

1 Programm~er's Conlsole 0 0 0 1

2 Teletype (Print) 0 0 1 0

3 Teletype (Keytxaid) 0 0 1 1

4 Memory Loa-der 0 1 0 0

5 Gyro Inputs 0 1 0 1

6 Discretes 0 1 1 0

7 Flight Recorder, 0 1 1 1

10 D'A Channel U 1 0 0 0

11 D'A Channel V 1 0 0 1

12 D A Channel W 1 0 1 0

13 Fire Inhibit 1 0 1 1

14 Transfer Register Device Control I 1 0 0

15 (Spa"r ) 1 1 0 1

16 A 1) Conver-ter 1 1 1 0

17 (Spare) 1I

4-14



TABLE 4-4

INTERRUPT REGISTER CODE

INTERRUPT CODE
INTERRUPT

NUMBER DEVICE B9 139 1310 B11

220 A'D Converter 1 0 0 1

240 Gyro Inputs 1 0 1 0

300 Interrupt Clock I 1 0 0

the nest iteration. After the seventh iteration, the 7 x 7 or 49 words plus an index code word

(record marker) are transferred to the FIFO's at a rate of about 2.5 jisec per word, or 125 psec

total. The FIFO then shifts out data serially to the recorder, taking about 6 processor itera-

tions to complete the 50 word record. A clock gap then appears on the data line indicating the
end of the record, then at the beginning of the 8th iteration, when the FIFO's are loaded with

another 50 words, another shift out occurs. Mode 0 is assumed in the software assembly. If

Mode 1 is desired, a key-in must be executed from the console after the assembly has been

loaded. In Mode 1, 49 words from our iteration are transferred to the recorder every 7 iter-

ationb, resulting in an increased number of parameters measured at the expense of sampling

rate. A listing of the parameters recorded is given in Tables 3-5 and 3-6.

4.2.8 PROGRAMMER'S CONSOLE TO PROCESSOR BUFFERING

The CDC 469 processor utilizes C-MOS drivers for its data and control signals, so provisions

are necessary for operation in the console controlled mode with the long cables inherent with

flight line conditions. Each cable coniection from the processor to the programmer's console,

and vice versa, includes a a line driver, 'receiver pair, with one half of the pair resident

in the CIU and the other in the Console Interface Unit, which is mounted in the console cabinet.

Provision is made to deactivate the receivers in the CIU during normal operation so that the

undriven inputs will not interfere with proper operation.

4-15
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4.3 INTER'IAL MEASUREMENT UNIT AND ELECTRONICS

4.3.1 INTRODUCTION

The hardware dedicated to inertial measurement has been packaged in two chassis. Tile

Inertial Measurement Unit (IMU) contains 3 rate integrating gyros anid 3 accelerometers.

orthogonally mounted and aligned to the uvw axis of the aircraft. The IMU Electronics

Assembly contains power supplies and supportive electronics for the sensors, in particular

for the gyros. These gyros and accelerometers provide body-bound sensor outputs for com-

putation of inertial position and velocities.

The two chassis are shown in Figures 4-5 and 4-6. which are photographs taken during the

test phase. The IMU is shown attached to its alignment fixture.

The gyro is a Honeywell GG111LCO2 subminiature rate integrating gyro used in a pulse

torquing loop with pulse rate a measure of inertial rates and pulse count a measure of angular

position relative to some previous position. Specifications for this gyro are listed in Table

4-5.

The SUNDSTRAND QA1OO - S5 servo accelerometer provides the three axis acceleration

outputs. Its significant characteristics are listed in Table 4-6.

The basic principle involved in the pulse torqued loop is that the average current into the gyro

torque motor coil required to null the signal generator output is proportional to the angular

rate at which the gyro is being rotated about its sensitive axis. If this average current is pro-

vided by pulses of accurately known amplitude and duration, then each pulse is equivalent to

an increment in anguau position. The total chmge in angular position over a given time

interval is obtained by counting these pulses in any up-down binary counter. Thus the accumu-

lated angular change is available in digital form to be transmitted to the digital processor.

Figure 4-7 shows the complements of hardware required for the 3 channel, pulse torqued loop

configuration. Common circuitry is shared for the control functions, computer interface

logic, and signal generator excitation, while separate electronics for each channel is

required for the remainder. Figure 4-8 shows the common circuitry.
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TABLE 4-5

SUMMARY OF GYRO CHARACTERISTICS

Type Rate Integrating

Manufacturer and Model Honeywell Model GG1111LC02

Size 1.19 inch diameter x 2.5 inches long

Maximum Rate 200 deg/sec

Random Drift 12 deg/hr

g Sensitivity 25 deg/hr/g vector

Scale Factor 1 deg/sec/mA

Sensitivity 24 volts/rad

Linearity < 0. 1% FS

Time Constant 1. 5 msec max

Spin Motor Power 7 volts rms, 2 phase, 900 Hz sine

Signal Generator Voltage 20 volts rms, 4 kHz

TABLE 4-6

SUMMARY OF ACCELEROMETER CHARACTERISTICS

Type Servo, Low - g Linear

Manufacturer and Model SUNSTRAND QA1000 - S5

Size 1 0 inch diameter x 1. 5 inches long

Range + log

Zero Unbalance + 0. 005 g typical, + 0. 010g max

Thermal Zero Shift 75 micro-g/°F

Scale Factor 1. 000 volt/g

Linearity 20 micro-g to 0. 07g

0.03% of point above 0. 07g

Excitation + 15 VDC, 40 mA maximum

IL
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4.3.2 COAMON CONTROL CIRCUITRY

4.3.2.1 Digital Control

An integrated circuit c,'ystal controlled oscillator produces the basic 4.0 MHz clock which is

counted down to produce a fanily of lower frequency reference clocks. Figures 4-9 and 4-10

display the relative timing of these reference signals. Reference may be made to schematics

of Data Item A004 of this contract for further details. Of particular interest is the fact that

the gyro spin motor references are staggered in time to reduce the peak loading on the power

supply.

4.3.2.2 Gyro Signal Generator

The signal generator excitation is derived from a 5. 56 kHz logic level square wave, as shown

in Figure 4-8. The logic signal is fed through a zener regulator resulting in a square wave

with very precise amplitude. A stagger-tuied filter, consisting of two active band-pass filters

in ,-scade, then passes only the fundamental frequenc. of the square wave, resulting in a sine

wave which has a precise amplitude and is free of harmonics Stagger tuning tends to flatten

off the peak gain as well as to reduce the change in phase shift with respect to frequency at

the peak. The result is less deviation in gain and phase shift at the center frequency as the

filter elements change frequency over temperature or 'ige

The resulting operational amplifier level sine waves are then voltage amplified by discrete

transistor circuitry to a 26.5 VRMS level, and capacitively coupled to the three gyro signal

goierator primaries.

4.3.3 PULSE TORQUED LOOP

Figure 4-11 displays the individual circuitry required for each channel of the gyro system.

The spin motor drive logic contains additional control to guarantee that the transistor switch
that is prescntly on will be turned off before the complementary off switch is turned on. It can

be seen from the diagram that if both suitches were on at the same instant. the + 9 volt dc

supplies would be momentarily shorted, causing shoot through currents.

An error in the null of the gyro will cause an a.c. voltage to appear at the output of the gyro

signal generator. This signal is buffered within the EIU package. amplified again in the
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Electronics Assembly, and demodulated. The 5. 555 kHz demodulator reference is appro-

priately delayed to match the phase shifts de'eloped by the stagger-tuned filter and the signal

generator itself.

The demodulator output is filtered, and in particular a notch at 11. 11 k~lz greatly attenuates

that component of the full wave rectified demodulator output. The resulting signal is fed to an

amplifier which has high gain. but whose output is clamped to _ 0. 7 volts. Limiting the output

restricts the amplifier from going into saturation, which could cause time delays.

Figure 4-12 illustrates how the comparator pair. flip-flops. and current generator act as a

three level contractor. If the absolute value of the limiter output is less then V., then both th

switches of the 0. 063A current generator are off, and no current is sent to the gyro torque

generator coil. If the limiter exceeds V however, the appropriate switch is turned on and

precisely 0. 063 amps flows into the torque generator in a direction to return the gyro to its

null. The duration of the current pulse is controlled to be either the period of the error strobe

(1 1852 Hz) or a multiple of it, and since the errcr strobe is derived from a crystal oscillator.

it is very accurate. The threshold of the three level contractor. VW! has been set to the

level corresponding to the error that the gyro may have which may be corrected by one pulse

of the torquer.

The commands for positive and negative current pulses are also sent to an up-down counter.

which stores the net count. By now rotating the gyro through known angles, and monitoring

the counters, the system may be calibrated. Details on calibration appear in subsection 6. 3.

Upon commands from the control logic, the binary outputs of the counters are parallel loaded

into 16 bit shift registers. The registers for the three channels are serially connected, as

AA
+ 0. 06 3 t .4

VR

-- --0.06,

Figure 4-12. Three Level Contactor

4-26

I X
L



shown in Figure 4.7, and a 48 bit clock train shifts out the data, which is transmitted to the

CIU. The counters are reset to zero at the CIU sampling rate of 30 Hz.

4.3.4 ACCELEROMETER BUFFERS

Three accelerometers, orthogonally mounted in the Inertial Measurement Unit, are analog

sensors for the Computer Interface Unit. To protect impedance levels over the long cables

involved, buffer amplifiers are installed within the IMU itself. The buffers are low pass

active filters with a 3 11z bandpass, similar to the signal conditioners in the CIU for the other

analog inputs. The accelerometer signals are conditioned with a simple decoupling network,

in the CIU to eliminate any possible high frequency noise picked up in the cables.

Y
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Section 5

FLIGHT TEST PLAN

5.1. INTRODUCTION

The principal goal of the Closed Loop Fire Control System (CLFCS) flight test is to determine

the feasibility of the concept for deployment in a combat environment. This goal is to be

realized through a well balanced selection of flight test conditions, experimental data base.

and analysis and interpretation of the test data, all of which account for the inherent limita-
tions of the prototype CLFCS. Chief among these limitations are:

0 The lack of a rangefinder, so that the bias error in the handset initial range is
measured by observing the range component of bullet impact error.

* The imprecision of the sight, which means that the aircraft must be at an appreci-
able altitude above the target in order for the elevation (i. e., range) component
of impact error to be observable.

0 The sight deployment limits in train which constrain the maneuvers that may be
executed during the engagement episode.

Whereas these limitations of the prototype system define a flight test envelope which falls

inside the desired envelope of permissible engagements for a combat worthy CLFCS, it will be

necessary to apply a certain amount of interpretation to the recorded test results in order to

assess the feasibility of the CLFCS concept as it might ultimately be embodied.

Subordinate to the goal of assessing the overall feasibility of the CLFCS concept is that of

assessing the performance in flight of its key subsystems (e g., the Inertial Measurement

Unit, the computer hardware and software, etc.). Because of the limited capacity of the

flight recorder, gveat care must be exercised in selecting the variables to be recorded for

purposes of subsystem performance assessments. Moreover, the scope of such assessments

which may be performed through post flight analysis will be understandably limited. A flex-

ible utilization of the flight recorder is proposed whereby the number of variables recorded

and the effective sampling rate are controlled by the CDC469 computer software.
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As a procursor to the assessment of CLFCS effectiveness the optimization of certain paran,-

eters in the CDC 469 computer software may be desirable. Prominent among these are the

following:

* The fraction of the observed range impact error which is applied to a range bias
correction.

* The time constant of the first-order filter which is applied to the sight outputs
during the period of bullet impact observation.

It is believed that these and the other adjustable coefficients in the state estimation and fire

control software segments can be set at or near their optimum values prior to the flight test.

However, the need to refine their values experimentally cannot be precluded at this point.

5.2. CLFCS FLIGHT TEST PHIrLOSOPHY

5.2.1 THE NEED FOR TRACKING ERROR DATA

The overall accuracy of a helicopter gunnery fire control system is significantly influenced by

the accuracy with which the gunner is able to designate the target line-of-sight by tracking the

target. In fact, gunner tracking error is often the dominant error source in such a system.

Therefore, the flight test should include non-firing tracking error data runs to obtain a direct

assessment of this improtant error source in the case of the prototype CLFCS.

5.2.2 THE ASSESSMENT OF THE GUNNER'S ABILITY TO MEASURE BURST IMPACT
LOCATION

The unique capability of the CLFCS depends upon the gunner's ability to not only track the

target accurately in preparation for firing, but also to obtain precise sighting measurements

of the location of the first burst impacts. His ability to measure the burst location and the

computer's ability to interpret that measurement are influenced by several factors:

* The altitude of the aircraft above the target plane.

a Departure of the ground plane from the horizontal in the vicinity of the target.

* Irregularities in and composition of the ground surface near the target.

* Foliation, haze. smoke, debris, wind, and other factors which degrade the
gunner's ability to perceive the centroid of the burst.
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As will become evident, there is some question as to how many of these factors can be

encompassed by the initial flight test of the CLFCS due to consideration of the need to obtain

quantiative bullet strikepoint data. However, ultimately the CLFCS should be tested with

respect to all of them.

As part of the flight test of the prototype CLFCS, it is necessary that as complete records as

possible be obtained of the accuracy with which the gunner measures the location of bursts.

This requirement can be partially satisfied through sight camera film, which is also the

medium for recording gunner tracking error. A more complete assessment could be obtained

if aircraft position and attitude relative to a target coordinate set were recorded, along with

the actual location of the bullet impacts in that same coordinate set. From these data, a ref-

erence sightline to the mathematical centroid of the burst could be computed in vehicle coordi-

nates ior comparison with the gunner's observation. Although desirable, this degree of rigor

is probably beyond reach for the prototype CLFCS flight test because of the problems con-

nected with recording aircraft attitude to the required precision.

5.2.3 THE CONFLICT BETWEEN TEST REALISM AND PRECISION OF STRIKEPOINT
DATA

Several factors were enumerated above which affect the precision with which the closed loop

fire control function can be implemented in actual practice. The realism of the prototype

CLFCS flight test depends largely upon the degree to which these factors are encompassed by

the flight test conditions. However, the introduction of realism in general will compromise

the recording of precise. quantitative data on system performance.

Suppose, for example, that the target is located on an irregular ground surface composed of

sand and gravel, and that it is surrounded by low brush; suppose also that the wind is blowing.

These conditions are considered realistic in that they present a mild challenge ') the CLFCS

with respect to measuring the burst impact location. However, they also complicate the

recording of the actual bullet strikepoints from directly above the target area, which will

utilimately become the basis for judging overall system performance.

This conflict between realism and test data quality comes strongly into play in selecting the

site of the prototype CLFCS flight test. The Yuma Proving Grounds affords a spectrum of

target conditions, and generally allows a higher degree of realism to be injected into the tests.

However, the recording of precise, quantitative data on bullet strikepoints is predicted to be
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relatively difficult. In contrast, the precision of strikepoint data afforded by the alternate

Patuxent River site is very high. but the target engagement realism is poor.

At this stage in the CLFCS development it would seem preferable to emphasize precision of

recorded data in preference io test condition realism so as to afford the greatest potential for

post-flight analysis and also the best basis for modification of the system design in the future.

There is also the fundamental question as to whether the gunner, equipped with the pantographic

sight, can measure burst impact location under the most ideal conditions, let alone under con-

ditions representative of a combat environment. Accordingly, the Patuxent River test site is

favored for the prototype CkFCS flight tests.

At Patuxent River the target is water-borne. Bouys mark 25 ni distances on either sidL, of the

target for the purpose of scaling the bullet strikepoint measurements. The waterspouts created

by the bullet impacts are sharply defined, persistent, and relatively unaffected by wind in com-

parison with the dust clouds created by impacts on desert sand. for example Of the factors

mentioned above which will present challenges to the CLFCS, the only one which can be

addressed at Patuxent River is the effect of aircraft altitude. This suggests that a future flight

test, perhaps of anl improved CLFCS, be conducted at the Yuma Proving Grounds where the

other factors can also be addressed. albeit with a possible reduction in strikepoint data pre-

cision.

5.3. RECOMMENDATIONS FOR FLIGHT TEST MANAGEMENT

It is proposed that the flight tests of the prototype CLFCS be conducted at Patuxent River and

that they include the following elements:

* Hovering, straight-line, and veer-off aircraft flight.

• Various aircraft altitudes over the range of 200 to 1000 ft.

* Motion picture record of the bullet strikepoints taken from a helicopter orbiting
directly above the target.

• Motion picttue record through the gunner's sight showing the target tracking and
bullet impact observation errors.

• Flight recording of key aircraft state and fire control variables for post-flight
analysis and subsyste'n performance assessment.

0 Range theodolite instrumentation of the aircraft's position and velocity relative to
a target-centered coordinate set.
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5.3.1 TARGET AND RANGE LAYOUT

It is proposed that essentially the same target and adjacent distance markers as those utilized

during the Multi-Weapon Fire Control System (MWFCS) flight tests performed in 1973-1974 be a

adopted for use in the CLFCS flight tests. Relative to the target, it is suggested that two

courses be defined as illustrated in Figure 5-1. The factors which should be considered in

selecting the geographic orientation of these courses are:

a Direction of winds

* Conditioning of the range theodolite solution for the aircraft's position and

velocity

0 Sun position

The second and third factors were of concern during the MWFCS tests; the first was evidently

not, but is important in testing the CLFCS. Since part of the intended function of the CLFCS is

to compensate for long correlation time wind velocity, it is recommended that alternate courses

which orient the wind velocity entirely downrange and entirely crossrange be provided for.

Since the winds over the Patuxent River test area appear to be predominantly out of the north-

west and southwest, the courses shown in Figure 5-1 are selected.

5.3.2 AIRCRAFT FLIGHT CONDITIONS - ENGAGEMENT EPISODE EVENTS

It is assumed that the aircraft will be vectored to the initial point for the selected flight path

(see Figure 5-1) by voice communication from the test controller, with the range theodolite

data providing the basis for establishing aircraft position relative to the target. Commence-

ment of target track at 2800 m is assumed. This would be the point at which the Action Switch

would be depressed by the gunner, initiating Target Statp Estimator operation as well as the

slewing of teh gun toward a position of alignment with the target line-of-sight. A fire control

solution is developed and refined by the computer as tracking continues, with about 3 sec being

the minimum elapsed time before actual firing should be commenced.

Based upon voice communication of the theodolite position data, the initial value of range for

insertion into the Target State Estimator is precisely known. However, it will be desirable to

deliberately introduce bias errors in this initial range to simulate the situation in which the

crew must visually estimate its value.
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From the target track commencement point, three alternative flight paths are proposed:

Hover - proceed along the selected target approach course (see Figure 5-1) to an
appropriate firing range of approximately 5000 ft or 1524 m. Fire an initial,
open-loop burst and subsequent closed-loop burst from a hovering flight condition.
Altitude may be varied from run to run above and below a nominal value of 500 ft

0 Straight-Line - proceed along a course about 100 to the right or left of the selected
target approach course, thereby creating a 1600 ft or 486 m offset. A velocity of
100 to 120 knots is recommended. The open-loop burst may be fired at a slant
range of about 6000 ft = 1829 m and a subsequent closed-loop burst, at a slant
range of about 4000 ft = 1219 in. Altitude may be varied from run to run above
and below the 500 ft nominal value.

0 Veer-off - proceed in the same manner as in the straight-line course through the
open-loop firing burst at 6000 ft = 1829 m. At a slant range of about 5000 ft,
initiate a mild veer-off away from the target; speed may also be increased at this
time. The closed-loop burst may be fired at a slant range of approximately
4000 ft = 1219 in. Altitude may be varied from run to run above and below the
500 ft nominal value.

These target engagement alternatives are illustrated in Figure 5-2.

5.3.3 INSTRUMENTATION AND DATA

The primary instrumentation for the CLFCS flight test will be a motion picture camera

directed toward the target and carried by a helicopter orbiting above the target. The frame

rate for this camera should be adequate to distinctly capture each bullet impact. These

requirements are believed to be satisfied by the equipment and technique utilized during the

MWFCS flight test.

Additional supporting instrumentation will be a sight motion picture camera which records

gunner tracking and burst centroid observation activity, a magnetic tap. flight recorder which

records key aircraft state and fire control solution variables, and the range theodolite posi-

tion and velocity data. Comments are in order relative to the information to be transmitted to

the flight recorder and the usefulness of the range theodolite data.

5.3.3.1 Flight Recorder

The useof the information captured by the flight recorder will be to assess the performance

of the CLFCS subsystems, as may be dictated at various poi.nts during the flight test program.
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Figure 5-2. Proposed Target Engagement Alternatives
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Included in tiLe general area of subsystem performance assessment is the detection of sub-

system malfunctions which have cont. ibuted to anomalies in the behavior of the overall system.

Thus, one kind of analysis which migh, be performed using this information is the post-flight

reconstruction of the fire control solution versus time for comparison witl 'hat computed on

board.

A sweeping solution to the selection of variables to be recorded is to say that all inputs to the

Aircraft and Target State Estimators, all aircraft and target state components, and the vari-

ables involved in the opnn and closed loop fire control solutions be recorded. This would

entail approximately 50 items of information. The writing speed of the flight recorder is such

that this quantity of data could be captured for one computer frame out of seven, or 4.3 times

per sec.

Because the need can be anticipated for a reduced set of system state variables to be captured

more frequently than 4. 3 times per sec. a flexible arrangement is recommended whereby the

following requirements are met:

0 Any quantity which exists as a defined variable in the CDC 469 computer can
potentially be recorded.

* During a particular flight, the software segment which controls the interface with
the flight recorder will be established so that up to a maximum of 50 selected
variables, m. will be captured once every n computer frames.

* The recorder interface softw,'xe will provide for the capturing of all the selected
variables in a single computer frame. The recorder will then take a finite number
of frames to write this information.

* Provision will also be made for independent selection of the parameters m and n
above so that the number of variables captured. the capture rate, and the total
elapsed time encompassed by the flight record can be traded off appropriately.

The final configuration for the recording mode is discussed in subsections 3.11. and 4.2.7.

5.3.3.2 Range Theodolite Data

The bearing and elevation of the aircraft is continuously recorded by each of several range

theodolites, permitting a multi-angular solution for its position relative to the target. whose

position is known relative to the theodolites. Time variation of position yields velocity in the

target-fixed coordinate set.
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If we designate the triad of geographic coordinates which are fixed in relation to the target as

illustrated in Figure 5-3 by x, z, and z, then the theodolite data yields, effectively, -Rxyz and

Vxyz , which are the aircraft's position and velocity to the target in terms of their x y z com-

ponents. Although this information is of some use, its utility in the prototype CLFS flight

tests would be vastly increased if it were transformed into the aircraft courdinate set, which

is designated u, v, and w (see Figure 5-3). This requires knowledge of aircraft attitude.

1I -ixyz and Vxyz from theulite data iuid b .. 1.... -e i-t- u ., direc' comparison

with the on-board measured and filtered values would be possible. permitting a rigorous

assessment of the performance of the sensors. the computer, and the Aircraft and Target

State Estimator software segments.

TARGET COORDINATE SET

z

AIRCRAFT COORDINATE SET

U/

x w

AIRCRAFT POSITION = -Rxyz

AIRCRAFT VELOCITY - Vxyz

AIRCRAFT ATTITUDE = ('I'. , ci)

Figure 5-3. Target and Aircraft Coordinate Sets
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5.4 OVERALL SYSTEM PERFORMANCE METRIC

The objective of the CLFCS concept is to substantially improve the kill probability of a second

firing burst based upon an observation of where the first burst impacted in relation to the then

current target line-of-sight estimate. Because the process of observing the first burst impact

by the gunner and incorporating this into the fire control solution requires a finite time inter-

val during the engagement episode, there is a definite time cost of this projected improvement

in second burst effectiveness. There is also, obviously, a significant equipment cost. The

principal goal of the prototype CLECS flight test is to assess Lhe feda.ibiLty V t...... ....... ,I, III

quantitative terms c; the increment in target kill probability which is actually realized.

5.4.1 CLOSED LOOP VERSUS OPEN LOOP PERFORMANCE COMPARISONS

When the prototype CLFCS is delivered to the Army for flight test, the fire control system

will potentially incorporate three levels of capability as illustrated in Figure 5-4. It is

planned that the gunner will be able to control in flight which level of fire control capability

is being used. Therefore, the effectiveness of each can be experimentally determined.

The Statement of Work for the CLFCS indicates that the open loop fire control configuration

with which the CLFCS is to be compared is the Baseline System of Figure 5-4. However,

General Electric believes that the Army will desire to compare all three configurations as

part of tle CLFCS flight test under the various conditions of aircraft flight, altitude, and wind

discussed above.

EQUIPMENT COST TIME COST

IMPROVED OPEN LOOP CLOSED LOOP FIRE

BASELINE SYSTEM FIRE CONTROL SYSTEM CONTROL SYSTEM

* IMPROVED PANTO- * IMU, AIRSPEED INPUTS e BULLET IMPACT

GRAPHIC SIGHT 9 DIGITAL FIRE CONTROL OBSERVATIONS

* SIMPLE, ANALOG SOLUTION * INCORPORATE INTO

FIRE CONTROL o AIRCRAFT&TARGET FIRE CONTROL

SOLUTION STATE ESTIMATiON SOLU I lUN

OPEN LOOP FCS# 1 OPEN LOOP FCS #2 CLOSED LOOP FCS

Figure 5-4. filustration of Three Potential System Comparison in the CLFCS Flight Test
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5.4.2 PROBABILiTY OF in HITS OUT OF nl-ROUND BURSTS

The Statement of Work further indicates that the metric to be used for comparisons among

these alternative fire control configurations is related to target kill probability versus time

and rounds expended. This metric is particularized as follows:

* With the origin of the x y z target coordinate set as center (see Figure 5-3) define
a nseudo target of radius r in the x - y plane.

* For each pass in an appropriately defined ensemble of passes, count the number of
rounds which impact wit, in the pseudo target area. This number will have to be
adjusted according to the number of rounds actually expended or the length of time
used in the pass so as to apply to a burst of a fixed number of rounds. n. or.alternatively, to a fixed length of time, (see Section 5. 5). Let the number of

hits for the ith pass in the ensemble, normalized by either n or r . be designated
hi •

• Over the ensemble, determine the number of passes in which hi > in for in = 1.
2 ..... 5. Divide by the number of passes in the ensemble to compute the
probability of at least 1 hit, 2 hits, etc.

The result of this analytical process is a histogram of the probability of at least m hits for

in = 1. 2 . . . . 5 which pertains to the particular set of conditions which characterize the
ensemble, such as fire control system mode (Baseline Open Loop. Improved Open Loop.
Closed Loop), altitude. wind. etc. The nature of the histogram is illustrated in Figure 5-5.

The advantage of this form of presentation is that it removes the issue of a kill criterion as a

matter of contention. It also distinguishes between a system or set of conditions which

occasionally yields a large number of hits from one which frequently yields a few hits. The

hit expectation for both of these could be equivalent, but the effectiveness in combat of the

latter is substantially greater than that of the former.

5.5 WEAPON SYSTEM DEPLOYMENT

We have presented above a description of the proposed CLFCS flight tests, including the

various conditions of aircraft maneuver, altitude, and wind which should be encompassed. The

objective of the tests will be to compare the three fire control modes illustrated in Figure 5-4

F using the performance metric of Figure 5-5.
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Figure 5-5. Performance Histogram for a Generic Ensemble of Passes

~Because of th' Statement of Wo-rk indicates that system effectiveness is to be evaluated

~versus time and ammunition expended. the issue of deployment strategy must also be

~addressed. rwo distinctly different strategies are considered:

* High Value, Heavily Defended Target. An armed helicopter will occasionally be

called upon to engage a target which poses a high level of threat to the survival of
~the helicopter. Li this event, the strategy must be to defeat it in the shortest pos-
~sible time (i. e.. with minimized expooure to its defensive capability). The vaLie

of the target is such as to warrant the expenditure of a large fraction of the ammu-
~nition load so as to assure its destruction.

4 Low Value TreMild Defenses. When th helicopk r he.ds the firepoe
advantage in relation to the target's defensive capabiAity :tnd the value of the target
is low, the strategy shifts to defeating the target '., ith a minimum expenditure of

ammunition.

5.5. ! CLFCS DEPLOYMENT STRATEGY

The tactical environment in which the CLFCS can be deployed to the greatest advantage in

" comparison with an open loop fire control ,,ystem is in the Low Value Target/Mild Defenses

scenario. The recon~mended strategy is to fire a short ( < 1 sec), precisely aimed open loop

burst, observe the impact centroid, incorporate the closed loop correction into the fire control

solution, and fire a second, calibrated burst. Because the first burst is very short and the

second burst has gun boresight, windage. and other long correlation time errors removed from

5-13
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it, the ratio of expected hits to rounds expended over the entire engagement is iigh in com-

parison with an open loop system deployed in a similar fashion.

In the case of the High Value, Heavily Defended Target scenarios, the CLFCS deployment

strate,,y which appears to enhance helicopter survival is to open the attack with a prolonged

bur.,L of fire ( < 2 sec). If the first impacts are seen to be significantly in error, a burst

centroid observation is mi'e and incorporated into the fire control solution and a second.

calibrated burst is fired.

Understanding that both of these deployment strategies must be further developed and refined

during the flight test program, the objective of the flight test. in agreement with the original

Statement of Work, ultimately involves the comparison of the performance of open and closed

loop fire control under two engagement constraints:

* The total number of rounds expended during engagement, n, should be minimized.
The hits recorded during each pass should be normalized so as to reflect a given
value for n as explained i: Section 5. 4. 2.

* The total elapsed time, r , required to complete the engagement should be
minimized, where r is measured from the closing of the trigger switch at the
beginning of the initial firing burst until the opening of that switch at the end of the
last firing burst. A selected value of r will be utilized for normalization pur-
poses as explained in Section 5.4.2.

The particular values of n and T used for normalization purposes, denoted n* and r*, will

be the average values of rounis expended ani elapsed time, respectively, for the CLFCS

operated over the ensemble of conditions tested.

The CLFCS is regarded as the pacing system 2onfiguration in that it requires a greater num-

ber of gunner fire control actions. Accordingly, when minimum - n and minimum - r

deployment strategies for the CLFCS have been developed, then the open loop fire control sys-

tem (OLFCS) configurations will be tested in a manner which is compatible with the CLFCS

tests. Specifically, the following guidelines will be used:

In all instances, the OLFCS configurations will be deployed over the same
spectrum of ranges as the CLFCS.

0 In the case of a minimum - n engagement using an OLFCS, the gunner will be
instructed tc, use discretion in the timing aad duration of his firing bursts. If the
aircraft is closing on the target, he should try to mimic the deployment of the
CLFCS in firing a short burst at long range ( 6000 ft) and another at short range

5-14
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(-4000 ft). He may exercise the option of firing a burst at medium range
(v 5000 ft). In any case, the fact should be impressed upon him that his hit score
will br nenalized for the expenditure of a large number of rounds.

* • In case o, .i minimum - r engagement using an OLFCS, the gunner will be
instructed that elapsed time is of the essence and that he may lengthen his firing
burst to assure a larger score. r. other respects, he should mimic the CLFCS
deployment strategy in distributing his firing burst over the 4000 - 6000 ft range
spectrum when closing on the target.
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Section 6

ACCEPTANCE TEST

6.0 INTRODUCTION

This section includes test plans and results for acceptance testing of the Closed Loop Fire

Control System software and hardware. Also included is additional temperature and accuracy

data taken on the major assemblies.

6.1 SOFTWARE TEST SUMMARY AND RESULTS

A numerical check problem is presented which demonstrates the performance of the closed

loop fire control algorithm. It is based upon the same veer-off engagement which has been

utilized heretofore (see Figure 6-1). The following event times have been selected:

t = 21 sec (Acquire target, depress and hbold action switch)

t1  = 24 sec (Trigger depression for open loop firing burst)

t = 25 1,"3 sec (Break target track signal from computer to gunner)

t = 27 sec (Acquire burst centroid)

t = 28 sec (Re-acquire target)

t = 30 sec (Trigger depression for closed loop firing burst)

In this problem, it is assumed that the open loop firing solution at t1 = 24 sec is affected by a

range bias error at the time of fire in combination with gun boresight errors in elevation and

train as defined below:

A R +930 ft (range estimated long)

AE = T = 0.010rad
g g

As a consequence, the first burst flies long and to the right, as illustrated in Figure 6-1.

Also shown in Figure 6-1, and on an expanded scale in Figure 6-2, is the fact that the closed
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CROSSRANGE (KFT) OPEN LOOP STRIKEPOINT

4 2 I i cLOSED LOOPSTRIKEPOINT

TARGET POSITION

.it

2

AIRCRAFT POSITIONS:

CLOSED LOOP BURST, 30 SEC --- "

STRIKEPOINT OBSERVATION, 27 SEC- *I
I-

OPEN LOOP BURST, 24 SEC ------- "-

6 (Da

AIRCRAFT VELOCITY = 200 FT/SEC ccA[ ARCRAFT ALTITUDE =500 FT zrr

0

B

7

r 10

Figure 6-1. Illustration of Check Problem Geometry

loop fire control algorithm substantially removes the strikepoint error in the first burst,

giving a strikepoint improvement ratio of 8. 5 to 1 for the test case.

Table 6-1 provides a summary of the estimated uncertainties in the closed loop firing burst.

The entry for "Mathematical approximations and numerical effects" reflects the inherent

accuracy of the closed loop fire control algorithm and is based upon examination of a number

of error combinations in the context of the veer-off engagement portrayed in Figure 6-1. The

overall accuracy of the closed loop firing burst is expected to be approximately 10 mrad.
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+ CLOSED LOOP, 30 SEC

I I

200 400

CROSS RANGE STRIKEPOINT ERROR (FT)

Figure 6-2. CLFCS Effectiveness
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TABLE 6-1

ACCURACY ASSESSMENT FOR THE CLOSED LOOP FIRING BURST

. Error in estimated target sightline at t2  --- 3.8mr

: E,'ror in strikepoint sightline at t 3 e

0 Error intarget sightline att42

Mathematical approximations and numerical effects -----. 2--r-d]

0 Estimated resultant RMS error , II rad

6.2 SIMULATION METHOD FOR SOFTWARE TEST

Two software programs. TPATH and GQHIT, were written to implement the numerical check

problem for the CDC closed loop fire control alogrithm. The information flow path relative to

the CDC 469 software is shown in Figure 6-3. TPATH simulates the aforementioned veer-off

engagement (Figure 6-1) with its corresponding event times. It computes true aircraft seisor

values, with the exception of the range estimate signal, which includes a bias of +930 feet at

the time of the first fire burst . Sensor values for each computer time fran of 1 30 second

of the ten second engagement are put on paper tape by TPATH to be read into the CDC 469 via

the CDC memory loader. The sensor values are continuously read into the CDC processor on

a scaled time base to update the aircraft and line of sight estimators. At target acquisition

time t = 21 seconds the biased range estimate is inserted into the line of sight estimator. The

open loop fire control algorithm uses outputs of range estimate, range rate, and relative air

density to compute a set of gun orders which includes an open loop lead angle.

At the first fire time, t = 24 sec. the open loop gun position is recorded for input to the GQHit

program. The GQHit program also inputs a boresight error (ATg, A Eg) of 10 MR in train

and elevation. Using these inputs and the M56 ballistics, a bullet strikepoint is computed in

the horizontal target plane. The line of sight to the strikepoint is computed and recorded for

input back to the CDC closed loop fire control algorithm for tho Acquire Burst Centroid time

of T = 27 sec. Tae closed loop algorithm uses the estimated target line of sight and the

recorded estimated aircraft velocities and angular rates to compute by recursion an improved

estimate of the target line of sight. Closed loop gun pointing corrections are computed by

taking the difference between the estimated target line of sight and the measured strikepoint

6-4
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ALGORITHM ALGORITHM I jDxyz1 CL

itI

Figare 6-3. Software Test Information Path

line of sight, which are factored into the total gun position values. This corrected gun posi-

tion for time T = 30 sec, is then input to the GQHit program to compute a calibrated bullet

strikepoint in the horizontal target plane. The ratio between the open loop strikepoint, error

in feet and the closed loop strikepoint at T = 30 sec is the closed loop improvement ratio.
Table 6-3 shows the results of the open loop and closed loop strikepoints.
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In addition to TPATH and CQHIT, a third program, on time share, called GQGUN was written

to check the validity of the CDC open loop algorithm. GQGUN uses true values of target sight-

line. range, and range rate, etc., from an offline version of TPATH and computes a gun posi-

tion (including "lead angle") which should match CDC open loop computations. Listings for

GQHIT and GQGUN are included in Appendix D. Also in the Appendix is a set of operating

instructions for loading the paper tape reflecting TPATH into the CDC processor.

Verification of the open loop aid closed loop software are listed in Tables 6-2 and 6-1

respectively. The recorded CDC processor data at selected times of interest is listed in

Tables 6-4, 6-5. and 6-6.

TABLE 6-2

VERIFICATION OF OPEN LOOP FIRE CONTROL ACCURACY
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TABLE 6-3

VERIFICATION OF CLOSED LOOP ALGORITHM
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TABLE 6-4

FIRE CONTROL SOLUTION AT TIME T = 24 SECONDS
DATA BLOCK W 1348

OCTAL DECIMAL
VARIABLE LOCATION VALUE SCALE VALUE DIMENSION

EGCL 266 0 B-i 0 RAD

TGCL 127 0 B-1 0 RAD

g- 137 176465 B-10 - 22.5 MR

A gu 140 177326 B-10 - 8. 906 MR

A gw 141 1576 B-10 + 28.781 MR

gu 217 72166 B-10 932. 125 MR

gv 220 151547 B-10 -356. 938 MR

gw 221 176421 B-10 - 2> 969 MR

P-Po 250 37420 B-1 .985352

R DOT 257 163644 B0 .191956 Kft/seL

RZ 261 16017 B-10 231. 281 ft

Tf 317 40523 B-3 4.145 sec

Vu 335 62154 B-8 200.844 ft, soc

Vv 336 42 B-8 .266 ftisec

Vw 337 4710 B-8 19. 563 ft sec

Zu 340 173271 B-10 74. 219 MR

Zv 341 172626 B-10 83. 313 MR

Zw 342 76070 B-10 993.750 MR

Su 343 72640 B-10 941.031 M R

Sv 344 153062 B-10 -334. 375 MR

Sw 345 174623 B-10 51.750 MR

R 346 31430 B-4 6.4379 Kft.
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TABLE 6-5

FIRE CONTROL SOLUTION AT TIME T = 27 SECONDS
DATA BLOCK # 2568

OCTAL DECIMAL
VARIABLE LOCATION VALUE SCALE VALUE DIMENSION

EGCL 266 0 B-1 0 RAD

TGCL 127 0 B-1 0 RAD

A gv 137 175765 B-10 - 32.500 MR

L gu 140 176622 B-10 - 19.438

A gw 141 243 B-10 5.719 MR

gu 217 63327 B-10 822.750 MR

gv 220 141350 B-10 488. 844 MR

gw 221 156273 B-10 281.500 MR

P/Po 250 37400 B-1 .984375

RDOT 257 164760 BO - .1722107 Kft/sec

RZ 261 11524 B-10 160. 125 ft

Tf 31,i 33030 B-3 3. 4409 sec

Vu 335 64751 B-8 211.820 ft/sec

Vv 336 177634 B-8 - .781 ft/sec

Vw 337 5252 B-8 21.328 ft/sec

Zu 340 1365 B-10 23. 656 MR

Zv 341 154114 B-10 -317. 625 MR

Zw 342 73176 B-10 947. 938 MR

Su 343 64505 B-10 842.188 MR

Sv 344 143363 B-10 -456. 344 MR

Sw 345 156030 B-10 -287. 219 MR

R 346 27242 B-4 5. 87988 Kft
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TABLE 6-6

FIRE CONTROL SOLUTION AT TIME T = 30 SECONDS

DATA BLOCK # 4208

OCTAL I)ECIMAL

VARIABLE LOCATION VALUE SCALE VALUE DIMENSION

EGCL 266 177314 B-I - 18. 555 RAD

TGCL 127 177637 B-1 - 6.104 RAD

/gv 137 176007 B-10 - 31.906 MR

Sgu 140 175411 B-10 - 39.719 MR

Aw 141 177540 B-10 - 4.469 MR

au 217 45072 B-10 593. 906 MR

gv 220 127244 B-10 -650.781 MR

gw 221 142521 B-10 -469. 031 MR

P/Po 250 37300 B-I .980469 -

R 257 167435 BO - .1315613 Kft/sec

RZ 261 7061 B-10 117. 656 ft

Tf 317 27107 B-3 2.892 sec

Vu 335 67755 B-8 223.852 ft/sec

Vv 336 177453 B-8 - 1.664 ft 'sec

Vw 337 5713 B-8 23.586 ft "sec

Zu 340 7142 B-10 115. 063 MR

Zv 341 152226 B-10 347.313 MR

Zw 342 72126 B-10 930.688 MR
Su 343 47461 B-10 633. 625 MR

Sv 344 131235 B-10 -618. 875 MR

bw 345 14127-Ana B-_l -464 MR

R 346 25306 B-4 5. 397949 Kft

Es 272 166434 B- 838.627 (u) MR

a I
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6.3 DEMONSTRATION OF CLOSED LOOP FUNCTION ON AIRCRAFT

The following exercise is used to demonstrate the closed loop fire control function on board

the aircraft as a ground check.

6.3.1 Select some simulated target and impact point separated by about 75 milliradians.

Acquire the target and impact points with the sight and mark the respective turret

positions; caution should be taken because the turret is active.

6.3.2 Acquire the target and depress ACTION. The INHIBIT FIRE light will flash

momentarily until the computer has stabilized.

6.3.3 Depress FIRE momentarily and release, but continue to track the target.

6.3.4 After a preset time (2 time-of-flight) determined by the computer, the INHIBIT

FIRE light will go on signaling the operator to break track. At this time, slew the

sight to acquire the simulated impact point and depress and hold the ACQUIRE

BURST CENTROID (ABC) switch.

6. 3. 5 Return the sight to the target and release the ABC switch. After a short period of

time, the INHIBIT FIRE light will go out indicating that the computer has arrived

at a closed loop solution and the turret has slewed to a new position to satisfy the

revised gun orders.

6.3.6 Again taking caution with the active turret, mark the new turret position. Observe

that the change in turret position relates to an amount equal and opposite to the

distance from the target to the simulated impact point.

6.3.7 Release ACTION.

6.4 HARDWARE TEST OF COMPUTER INTERFACE UNIT

The following procedures were performed to demonstrate the performance of the Computer

Interface Unit. CLFCS Test Set, GE 293E425, shown in Figure 6-4, was used to simulate I

inputs and measure outputs.
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d. 4. 1 DISCRETES

Connect Computer Interface Unit (CIU) to the CIU Test Set and Console. Load in the Hardware

Test Routine. Observe the Monitor Register 16 and/or the LED Display with Display Address

set at 016. Observe that switching on the ACTION switch on the Test Set causes BIT 0 of

Register 16 to become a "1". Observe that with ACTION on and Gun Error off, depressing the

FIRE buiton causes BIT I to become a "1" and A1JC causes BIT 2 to become a "1". N . at

momentarily depressing TAPE START causes BIT 3 to become a "l"after approximately 2

seconds delay, and TAPE S'OP returns BIT 3 to a "0", Observe that with the MODE switch

set at OPEN LOOP. BIT 4 is a "0", and when set at CLOSED LCOP. BIT 4 is a "1". Observe

that with GUN ERROR off, a "1" appears at 131T 5, and with GUN ERROR on. a "0" appears.

BIT 6 and BIT 7 aie "1"s and BIT 8 through 131T 15 are "0"s,

To demonstrate the output discrete, FIRE INHIBIT, first enter zeroes into Register 10, ones

into Register 11. Direct execute the following instructions:

OUT 10B, 13B 145410

The FIRE INHfBIT light on the Test Set will go on. Then direct execute the following instruc-

tions:

f Out lB, 13B 145411

The FIRE INHIBIT light will go out.

I 6.4.2 A/D CONVERTER

The Hardware Test Routine causes the A/D to sample all 16 of its inputs dynamically. The

desired channel number as listed in Table 6-7 is manually entered into Register 7. and the

data for that channel is displayed in Register 17. Observe that a response occurs for each

o: "he inputs by selecting the input and varying the corresponding analog function on the Test

Set.
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TABLE 6-7

• _.ANALOG INDUTS

I A/D CH-ANNEL ANALOG INPUT

0 Fu

1 Fv

2 Fw

3 Sill Pitch

4 Cos Pitch

5 Sin Roll

6 Cos Roll

7 Ps

10 Ta

I Pd

12 Su

13 Sv

14 Sw

15 Re

16 +10 VDC REF

17 Analog GND

This test if for demonstration only: accuracy will be ticnionstrated later.

6.4.3 SIMULATED GYRO INPUTS

The data link between the IMU and the C1U is digital. This interface is simulated in the CIU

test set. Binary words may be set into the switch registers and loaded into the CIU by de

depressing ENTER switches A, B, and C. as defined in Table 6-8. Observe that the binary

word set in the switches occurs on the display monitor, shifted four binary points to the left.

That is, the least 'gnificant bit on the test set will be worth octal 20 on the display.
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TABLE 6-8

SIMULAtTED GYRO INPUT

CIU TEST SET CHANNEL IMU AXIS DISPLAY REGISTER

A Pitch 13

1 IRoll 14

C Yaw 15

6.4.4 D/A CONVERTER

The Hardware Test Set Routine will output contents of Registers 10, 11. and 12 to D,'A Con-

verter channels U, V, and W, respectively. The 400 Hz analog outputs represent the direc-

tion cosines of the lead angle. Each 11 bit input is entered left justified into the registers,

where full scale is equal to about 6.4 volts. Observe that a response occurs for each of the

three channels by monitoring the output voltage on the CIU Test Set.

6.4.5 A /D AND D'A ACCURACY CHECK

The CLFCS System Software will now be loaded into the CDC 469. its internal scaling, com-

putation and normalization will dpmnnstrate the accuracies of the analog convwters. Enter

the analog data from Table 6-9 into the CIIU Test Sets. Monitor the internal locatinb and

verify that the entries are ,ithin the specified limits of Table 6-10.

Since Estimated Range (Re) is sampled only at the start of ACTION Mode am, is co,,stantly

being updated by velocity information, the following procedure should be used to capture its

initial digital value.

1. Place computer in RUN, with ACTION off.

2. Key in the instruction 010007 at location 017407.

3. Turn ACTION on. Computer will start LOS Estimator, but will halt immediately
after the initial Re value has been sampled.

4. Read value of Re stored in Register 5.

5. Place computer in STEP and turn ACTION off.

6. Restore instruction at location 017407 by entering 043501.

7. Place computer in RUN.

6-15
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TABLE 6-9

ANALOG INPUT TEST SETTINGS

PARAMETER ANALOG VALUE TEST SET INPUT

Fu + 0.7441 Ft/sec2  +0.051 VDC

Fv - 4. 7621 Ft/sec 2  +0. 326 VDC

Fw -37.4''89 Ft/sec2  -2.560 VDC

Sin P -0.074082 -4.250

Cos P 0. 997252

Sin R 0.086629 -5.00 °

Cos R 0.996241

Ps 14.4452 PSI +4.223 VDC

Ta 2"', 307°K +2.835 VDC

Pd 0.329402 PSID +2.534 VDC

Su +940. 613 munits +0.940613

Sv -335. 301 munits +0. 335301

Sw - 53.109 munits +0.053109

Re 5. 625 Kft +l1.715 VDC

The CLFCS System Software will also be used to check the accuracy of the D/'A converter, but

it will be used in the STEP Mode so that the D/A inputs ma, be controlled. The procedure is

as follows:

1. Depress MASTER CLEA.R. Depress STEP four times. Insert 11473 into

register 0. This will leave the interrupt system disabled.

2. Enter digital data in the indicated locations as listed in the table.

3. Step the program counter through location 11505. This will transfer the data to
digital latches in the D/A converters.

4. Observe that the D/A outputs as measured on the CIU Test Set agree with the out-
put specified in Table 6-11 within 0.62 milliunits.

6.1
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TABLE 6-10

SPECIFIED RESULTS FROM A/D INPUTS

PARAM- LOCA- OCTAL
ETER TION NOMINAL VARIANCE MAX MIN SCALING

Fu 102 + 0. 7441 +0.2125 000752 000420 B-6

FIN 103 - 4.7621. +0. 2125 004431 004762 B-6

Fw 104 - 37.4389 +0.2125 132614 132263 B-6

Zu=

+ Sin P 361 - 74.082 +4.0 173476 173076 B-10

zv

Cos P Sin R 362 - 86. 391 4±4.4 172700 172247 B-10

Zw=

Cos P Cos R 363 993.503 ±4.4 076275 075643 B-10

Ps 254 14.4452 +0.0150 001635 001633 B-9

Ta 315 287.007 +0. 280 043722 043656 B-9

Pd 255 0.329402 +0.001900 000523 000517 B-5

Su 276 940.613 +1.500 07270V? 072543 B-10

Sv 277 -335.301 +1.500 153107 152747 B-10

Sw 300 - 53. 109 +1. 500 174615 174454 B-10

Re 360 5.625 +.050 026126 025616 B-4

TABLE 6-11

SPECIFIED D/A OUTPUTS

D/A DATA ENTRY OCTAL NOMINAL OUTPUT
CHANNEL LOCATION (milliunits) SCALE INPUT (milliunits)

DELGUG 142 + 16 B-10 001000 + 16.000
DELGVG 143 -128 B-10 170000 +128. 000
DELGWG 144 +256 B-10 020000 -256.000
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6.4.6 TEMPERATURE DATA

Additional data was taken on the A 'D and D 'A converters to determine their linearity and

also temperature dependance over a limited range ot temperature. The accuracy data is

tabulated in Tables 6-12 through 6-17. During the testing it was determined that the maximum

allowable operating ambient (cockpit) is 100 0 F. This ambient results in a 122°F or 50°C

CDC 469 processor chassis temperature. which is the maximum the vendor recommends.

6.5 ALIGNMENT AND CALIBRATION OF CLFCS INERTIAL MEASUREMENT UNIT

6.5.1 ALIGNMENT FIXTURE

An assembled hIertial Measurement Unit (IMU). GE Dwg. 12316654 was mounted to an align-

ment fixture as depicted in SK RC 42776. The nTIU has three machined orthogonal surfaces.

to which the gyros and accelerometers are mounted, within a perpendicularity error of 0. 3 MR.

Three accelerometers mounted to the machined surfaces have their sensitive axis perpendicu-

lar to their mounting flange within 2.0 MR and the gyros have their OA perpendicular to 1. 5

MR MAX. or 1 MR RSS. The alignment of the gyro IA was accomplished on an Inland rate

table model 823 with servo controller model 403 and the aid of the alignment fixture. The

fixture has three orthogonal planes each defined by three pads .75 inch in diameter which are

lapped to produce a perpendicularity er:or less than 5 sec. of arc (0.024 MR). An interface

block is used to adapt the IMU to the al.ignment fixture and is not attached to the fixture with

any high degree of accu:-cy. The alignment of the IMU to the alignment fixture was done

optically by using the crobolox reflecting target, which has a wedge angle of < 0. 0022 MR, as

the reference surface for the IMU and adjusting the leveling screws on the IMU. This was

done with an error of less than 0. 33 MR.

Before alignment of the gyro IA's could be pursued, an interface plate had to be attached to the

rate table. The plate has three pads which correspond to the pads on each of the three ortho-

gonal surfaces on the alignment fixture. When the plate was belted to the rate table, a run out

of 0.03 MR was attained. The fixture with the IMU could be bolted to the interface plate on

each of its sides to align the IA's.

6.-18



194

0 E , ______- -___o o

0 0 0 00 00 0 0 00 0 0 0 000 0 0 0 0
I w 0 . 0 t CD to co c' to , , 0 , to 0o r co to (,

I L- NIO - E- 0 t 0 0 'I m to 0 t- (- - :- CD t- E L-
I t. co - oC I m o - to In o -W l - I- L- Lo

t t - 0 - I- ' D t CD I- CZ t- IN v' ~ CD - - - N

L .,- ° ° '° -- ? 00 00 -0 0 0 0 -

C 00 0 0 0 00 0 0 0 0 0 0 00 000 0 0
0 0 CD c C') 0 o to D C q CD to 0 0 4= c' 0 cq)C CD to CD t CD c')

FF 0

0 t- CD) 0 - m' C) L- D 0 t- - zr 0 0 CD 0t 0 1,

-4 .* I; -- I- c 4- + 4 I I J I ,I c; I -
m in to 0r

r-- 0c c00 00 000 0 0 000 0 00 0 00 0 0

0' 0 CD 0 0 CD CD 0 C' CD 0' 0 CD 0 0' 0 CD C C 0 0
1< 0 r- 0 0 V 0 00 L- r Cl) CD I- C - 0 zr CD I- L*-

-0CD C)0 CD cn C13 - to - -W 0 r ,

00 -0 - - - 0000 00:0

L

cq6 -- __-, _ _-,_ _ _ -

NO NO CD CD- CD N - C) IN CD - ~ -CD

C0 - to - t 0 Iu_ o _ _ to- to_ I-'4.L

,-I,

co0 0 -r CD 0 -W ) 0o>0 0 C') C' v toCD -

C2 cc4 COO CO C O mO 00 C VN 00 CD 0 C - IT r- it,
D 0o CD in 0 to t N t') CD v - o IN CO e 0 IfD - M an - (J

H m' 0 co) m' 0 m' 0 C- M' to m CD -~CO 0 "' to CD C )

CD '0~' C)0~ 0 MD - 0 0 0q m' 0 0 0
0 0 0 0 COO 00 0 C ) CO 0 CD 0I 00N

In 000 a 00 m C')0 C) ol 0 CD I CN O CD T C) 0 C

+ * IN m I cI 0 1- 4

w ) 0 0 - 0 0)0 -0 000 0.
T CI CD to CD 0 C ,: to 0 if 0 0 Cif 0 0

V CO IN I C) C - I I') C' -

<"4 C)cI C) c m

6-19 t 4

- ~ . -- - -- -- ~r - ~ -- - -i



0 m 0 0 a) C- C mC to C0 0 0 00 'ID ' CC )C
O N COO N C) 'C NC C

CC' CC0

to 0 0 0n w C') .N

0) CC' Q cc N wC L- sC c0 0C' 00 00 t - ') C

N z

0 O N C 0 - 0 CC) t ' '

00 m~00C.~ OOOCC~L 000 C o 00 0 ' C ~ C O C

0 CC wC0C
o- In 0 N j

n m o 0!

m* N0 00 CC- 00 c1.
ID 00 00 cc 0 c 00 'D 0C' C '

o '. C- o o - 0t c- o 0 0' 0'

OcC 00 0 0 000 0 C CC)0'O C tC

I, z ''t Q 0 00 N0 In~00 . In I- 7,
0 

o ~ ' 0

zr C CC c ~ mC o" 00000

001't-CC I 0 )- 0 ' 0 In m C 0a, N CC 'Z C'

0, c- ~ m ~ lo

CO~~~ ~~ N0 0 0 0~ 00. I C

on 0 Com ZN nF C

I II
n0 C'CC C OI 0CC1~~~~~~~~~I In0 t ' C) 0 C C C) C '

tn ct c0 'tO cc0 1 5 .- ' C

z, o 00 0 toC 0 0 1Z, L-

. I.
- cc 

t- -

-I- - cc N ~ x Ni
c c c N c 2

CC 10 )00 00 00 0 0 , C C) C!' 00 Ccc

P7.CC 'CC C0 CC ' CC. 0 .. I 0 0 )' t l

0'~0 0C
000 0000 L) C C-)--0

CC 
LE 

0 

0 
00EC 

0 

0 

C 

0 

0 

't 

C 
0 

0

00 0 1 - 0- C' 5'- 0~ CC to! 0 C - '' C 0CC

05'- 0 ~ ~ C C 00~ - CC 0 CC'C ~ 0 CC .~j 0CC CIn

00 C C C 0C C C CC0C CC 0C CCI 00 C,020 0



0 C_ -
z 0 cc0 01w m 1 0 m C, 0 w00 1 0I

0 0 0 0 0 0 0 0 0 0 1 0 C" 0 0 0 ID mC 00

NO 0 N 0 0 0 0 N 0 0 N 0 00 N 00

C')~In I0? 0 - ''C N 0 '

InIS~ 'D 0 ID I
0 ') N ' 10 0 00 InN C 0 C 0

0 00 C 00 m 'C' I. 0-0 to 'K' 01 00
.,'~~~~~ 0 00 0 0 0 1,0 ' 0 0C') m C 0 C, l

S'co 00 0 N c_ _tc

1)t-~ cc I DOwC, Cl0 t

00 00 " I 0 - 00 0 0~ 00

0cc. t- cc~ ' m 00 0' 0 - M0 C In 02

tO 'C 'c In 'C' M C

O N In I- I-

o4I CI

c ~ 0 o4 03_ . C

00 00 m a 00 00tO ''' 00 N N N : O

0 0' 0 - 0 0 0 -o QC - 0 0 0 0 M
to1 loc l 0c ,1

0~C In C*Il

0 ~ ~ ~ ~ c 003 0- -0m 0 - 0 C '

0 '? 'C' 0 0 0 'C' 'C' 0 0 0 0 0 0 0 0 00. 0

c'~ tC - CZ o m

,4 N 00 0c O. NO 00 0IN cC 00 00 0o0 N

ON NO ON 00'01 1 " I '' OC) NOI I00

[c ol cl

c, 0o c'" c c'c- c

F" 'C' C 2 0T C' lo m c

00 N N Cl 0 C I 00 0 ' 0 N '' 0 - - 0 0

ID * ' I- Cr M t- I C) c

-~ ~~~~~~~~ -N 0 0 " 0 00 0 - N N '' N

CO 0

I '-- '' 6 C2 -



0 In IM 0- 00 0 00 N - t I O
at 0 g a c0 c I0 0 00 E N 00 - - Z ON -

00 W - 0

00 a
WO 0- a c 

W 
cct 

NO

0 0 - 0 g

In aI al0 0I ID

0NO- 
0 

InNna c0 0 0 c0 00 W O 00 W 10 .r 0 00O

aC In, 10 0 Nn In ON In. In cO
ON~ ~~ 00 'n 00 00- 0 N 0 O 0 OF 00 0 00 Do I aa o

a a
Oa '0 ON '0 0 I0 00 0- '0 00 W - 0 n

-0
1

C- ' 'D 0019o Oo 0'c .

0 a aa
00 00 '0 00 0lIo1 00

M 00 00 c- a a L- , l ' ? a c

00 00 c 0 - 0,a
'0 a *Ia a 0 00 a 009Q WI______I.- - - J .- -- - -- __ .- -- -a -a_ _ t-00 a0 00 00 00 a 00 N- 00a 0

OD 0 0 a a 0 0 0 0n . 0 0 I

0 0 a

.OOOO N ::; Wi

1 0on0 e0 '0 0 N 0 0 0 
0 

0 - - 0

s- gglo-a -m o- n 0a0,
00 0 00 OW WO ON Wn a nO n a a

I F _ _ _ _ _ _ _ I m _ _ _ _ _ I _ _ _a

I. 00 00 OW 0 0 0 0 O W - - '

r- a2 00 6 0 c

C0 v = = aa t

0 L In I m c aa a

[ N6-22 c aa Zo c f.

a Ia a 9 a . lp o

aL - a a -

U3



~~~'~f I I N C I

0 C,. ~ 0

00 l'l 'I , C' 1. ,...

0 00 00 o'C 0 c

to 00 aN0 0 0 1 0 . C- I ' 01 NC CO N

ON ' C' t".~ N ' I-D c) 1< * ' cC 'C I )N - I 4'' o' N

In I'D 0 00 Cz c> ~ I 'n0 00'O 00 0

-- SC) c---

09 t- I- I, o

00z 0 0 00 In a0 I0 0 r.

IDI I^ I
II~~~~~~~~ ~~~~ 0I l C 0 C ) I'0 O ~ , ~ C - C

o 00

00., ----- ' - --- '-' I *- '----- --
() ~ 0 00 C, 0 'C 1 00 00 0 00 O N O ON0tC'2

S 0 0 w~- 0.-.0 0 0 C 0- c 0 I 0

10 CCD I wj C 0 P

' N N C 0 'C C) C) C C N ' 0 ' " 0 0 0 0

E ' :2

H0 N N ~0 0 0 ) 00 0 00 '

01 -- OZ

ON 00 0 ON- OO . -N 0' = N 00 0: wZn x :C) .
_n _"z

I 'C 0 'C 'C '6-23

IC C' '



I r- C-4 .

0

X C, I'- N CC

0

c 0 CC cO 00 c

CCN i~ C C. N -

CC X 0 ' CC 3 C
1-1 cc 3' 0 N co-

IIl

c CC N '

0 C" 0 0 N C

C- H L6-24



6.5.2 GYRO ALIGNMENT AND CALIBRATION TEST SET-UP

Gyro alignment and calibration was performed on the Inland controls direct drive rate table:

Table - Model No. 823, Serial No. 6316-1;
Controller - Model No. 4030, Serial No. 7;

tAmplifier - Model No. 1500 CP, Serial No. 19.

The gyro output was measured using the gyro calibration unit (GCU) and a photocell pickoff.

An up/down counter in the GCU counts the net number of torque pulses applied to the gy.'o

torque coil during an interval of time. The time interval is determined either by a thumb-

wheel switch on the front panel of the GCU for fixed time intervals or with the photocell pick-

off for 1 revolution time intervals. When the photocell pickoff is used, a tab on the rate table

interrupts the light projecting on the photocell, producing a pulse which resets and enables the

up/down counter. After producing a second pulse which disables the up/down counter and

displays the net torque pulse count on the GCL LED readout.

Figure 6-5 is a sketch of the alignment and calibration test set-up.

IMUIMU1
28V SENSOR

ELECTRONICS UNIT

CALIBRATION RATE
UNIT TABLE AMP 4- 60 HZ

Figure 6-5. Calibration and Alignment Test Setup
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6.5.3 GYRO ALIGNMENT

'he gyro input axis was aligned ;)y mounting the sensor unit and its calibration fixture to tile

adapter plate on the rate table with the spin ,axis parallel to the table axis. With this orien-

tation, the gyro output will be nearly zero when it is correctly aligned. Using the GCU and
0 :

photocell pickoff. the gyro output for 360 rotation of the rate table was noted. The gyro was

repeatedly repositioned and rotated until the output was less than 11 counts, which is equiva-

lent to a misalignment of < 1 MR.

6.5.4 GYRO CALIBRATION

The gyro calibration test set-up w' s the same as used for gvro alignment. Calibration data

were recorded for one revolution at various rates. Table 6-18. and for 60 seconds at various

rates. Table 6-19. Two data points were recorded at each test condition to demonstrate

repeatability.

In obtaining, tile one revolution calibration data, the nixximum gyro rate w\as determined by
increasing the table turning rate until the gyro count for one revolution decreased. The maxi-

mum rate is approximately 580 see.

The gyro drift is recorded in Fable 6-19 under the heading 0 'see. Gyro drft was recorded
0

with the rate table stationary in one position and again in a second position 180 from the first.

6.5.5 GYRO SCALE FACTORS

A statistical analysis of the gyro data was made which resulted in the gro output scaling listed

in Table 6-20 and alignment data in Table 6-21. This scaling is mechwnized in the CL.LCS

softwia e.

Additional data was taken on the yaw gyro to determine its scale factor's dependence upon

temperature. The results of this data are shown in Figure 6-6. The curve shows that the

gyro output is 0. 27% lower at 300 F thn at 700 F. when rotated at 150 second. This error

relates to a 7 milliradian error in integrated yaw angle over a 10 second interval at a turning,

rate of 150 'second. If desired, the scaling in the software may be revised to reflect some

average temperature in the aircrafft cockpit (the IMU sensor environment), but since the cock-

pit is heated/air conditioned, it would not appear necessary.
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TABLE 6-20

SUMMARY OF GYRO CALIBRATION DATA

STANDARD PERCENT
AVERAGE SCALE FACTOR DEVIATION OF

AXIS COUNTS/REV MRAD/COUNT COUNTS MEAN OUTPUT

Pitch 11428.46 0.54978 1.8 0.016

Roll 11435.71 0.54944 1.9 0.016

Yaw 11438.46 0.54930 3.7 0.032

TABLE 6-21

SUMMARY OF GYRO ALIGNMENT DATA

MISALIGNMENT IN MILLIRADIANS RELATIVE TO

GYRO IA AXIS U AXIS V AXIS W AXIS

Pitch 0.456 N.A. -0.080

Roll N.A. 0.055 0.255

Yaw 0.182 0.087 N.A.

6.5.5 ACCELEROMETER CALIBRATION

Accelerometer calibration data is recorded in Table 6-23. This data was recorded at the

same time as the gyro data with the rate table stationary and level.
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TABLE 6-22

IMU DATA - BUFFERED ACCELEROMETER OUTPUTS (VOLTS)

U V w

Pitch Axis Vertical .0033 -2. 204 .0081

Roll Axis Vertical -2.185 - .0018 .0073

Yaw Axis Vertical .0072 - .0045 -2.201
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Section 7

ELECTROMAGNETIC INTERFERENCE REPORT

7.0 INTRODUCTION

This section is a summary of the design criteria for meeting the electromagnetic interference

requirements of the CLFCS, specifically to meet the requirements of MIL-I-6181. Experi-

ence was drawn from the design critieria and resulting performance of the Multi-Weapon Fire

Control System, another armed .ielicopter contract with Frankford arsenal. Although no EMI

testing was required on the CLFCS contract, the contractor is confident that the CLFCS will

meet the customer's requirements.

7.1 GROUNDING SYSTEM

7.1.0 PHILOSOPHY

A uni-point ground system, which isolates all subsystem grounds from each other, was chosen

by the contractor for the Closed Loop Fire Control Subsystem. The primary power ground is

isolated from the secondary power or circuit ground. All the individual ground systems are

treated as branches from a central ground point. The central ground point for the CLFCS was

selected as a bus bar located b'.ieath the CLFCS circuit breakers mounted to the right of the

pilot's seat. This is the only location in the system where the individual ground systems are

connected together. Therefore, the only coupling that exists between the individual ground

systems is capacity coupling.

t

Since each ground system is floating above the central ground point, the impedance of this

connection is the only impedance which is common to all of them. Current flow through this

common impedance causes all systems to rise or fall relative to absolute "zero" volts.

Therefore, the entire system sees only a change in the absolute zero voltage level, which has

no effect on the operation of the system.

The uni-point ground system has the advantage of ground loop control. A compiete ground

system can be checked for isolation from all other ground systems by lifting the single point

ground connection. Ground loop paths can still occur, however, through the capacity of filters,

etc.

7-1



A disadvantage to this technique occurs if one particular package does not adhere to the uni-

point ground system, since all the rest of the systems current flow in the overall ground sys-

tem can pass through its multi-point grounds. This has been the case in the CLFCS, where

parc of the system already existed and is not of the uni-point ground design. This problem is

aleviated by the use of differential input analog buffer amplifiers in the Computer Interface

Unit (CIU), where the impedance connecting two grounds is substantially high so as to mini-

mize loop current. The CIU analog outputs present a problem, however, because the turret

presents a single input load, and it becomes necessary to connect the return signals to ground,

although the high side of the output signals are capacitively coupled to their respective loads.

7.1.1 A.C. POWER GROUND

The A. C. primary power is grounded at its source. Isolation from the secondary power is

maintained by transformers. Power line filters are used in both the high side and the return

side of the input power.

7.1.2 D.C. POWER GROUND

The D. C. primary power is alF, grounded at its source. It is isolated from other ground

systems, and is filtered with a line filter as well as is the hot line. Number 16 wire is used

i I to adequately carry the 3 amp input current.

7.1.3 D.C. SECONDARY GROUND

The D. C. secondary ground system is isolated from the D. C. primary ground by virtue of

transformers in the power supply chopper circuit. Line filters are placed at the output of the

power supply, to attenuate noise produced by the chopper.

The analog signal lines are differential pair inputs where possible, with the return grounded

at the source's D. C. secondary ground bus.

Digital signals transmitted outside an LRU are in complementary format in line driver,'

receiver pairs, so that neither line is grounded. and good LRU isolation is maintained.
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7.1.4 ANALOG SHIELJD GROUNDS

Shields are used on susceptible analog circuit connecting lines for protection against cross-

talk in the cables. The shields are grounded to chassis ground at the source end only, which

eliminates conduction of low frequency currents through the shield. The analog shields are

otherwise isolated from each other, and are carried to. but not connected to. the chassis in

which the load resides. In the case of the low level gyro error signals, the signals are

further protected by carrying the shield through the LRU connectors and into the chassis to as

close as possible to their respective source and load circuits.

7.1.5 INTERFERENCE SHIELDS

Interference shields are required for digital signals transmitted between LRU's to prevent

radiation of high frequency interference from the interconnecting lines. The shield grounds

are connected to chassis ground at both ends of the cable, and the shield is considered to be an

extension of the chassis.

7.2 SUPPRESSION DEVICES

7.2.1 LINE FILTERS

Line filters specified as attenuating radio frequency interference by 70 db were utilized in

conditioning the D. C. and A. C. primary power to the LRU's, as well as the D.C. secondary

power from the modular, chopper power supply. Control lines brought into the power supply

cavity to operate relays were also conditioned by line filters.

7.2.2 DECOUPLING CAPACITORS

In the Computer Interface Unit large electrolytic capacitors were placed across the individual

D. C. secondary power supply buses to signal ground. These help absorb any surge loads

that should occur, although their primary use is to hold up the secondary lines during power

shutdown for a long enough period (50 us) for the processor to properly shut down without
t destroying memory.

For each printed circuit wi-ing board, each secondary power connection typic: ly has one 3. 3 if

tantalum and ten 0. 1 uf ceramic capacitors to decouple a wide range of freq.1 'Ies. The
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tantalum is placed at the bottom of the board as near as possible to the connector input power

pins, and the ceramics are distributed evenly about the board. Critical analog circuits are

protected by R-C networks which further isolate power connections to the amplifiers.

Decoupling networks of the R-C type are used across switch contacts that are activated during

a target engagement episode. Discretes for infrequently changing signals such as mode con-

trol, etc., are not protected.

7.2.3 DIODE SUPPRESSION

Transients from the switched inductive loads of relay coils are suppressed by placing a diode

directly across the coil. When the source voltage is removed from the coil.., back EMF is

generated, but this reverse voltage is clamped to about -0. 5 volts by the diode, which circu-

lates the coil discharge current until the energy is dissipated as heat in the coil. If it were

not for the diode, a -150 to -200 volt surge i .. igh , fr y c ct ld" occur.

The diode delays the actual drop-out of the relay by a few milliseconds. but this is not a

problem in this application.

7.3 CABLE DESIGN

The signal cables are grouped according to their interference and susceptibility levels.

Within the chassis, the secondary power lines run perpendicular to the signal lines, and the

digital lines are clustered next to the power bus, while the analog lines are clustered

separately on the opposite side of the chassis. Analog lines are twisted pairs, as are digital

signals leaving the LRU. All lines are maintained close to the chassis so that capacitive

coupling will reduce the radiation capability.

The signal grouping is carried on into the LRU connectors. Sub-groups of nearby pins are

chosen, to the extent that pins for shields are chosen to segregate the sub-groups from each

other, thus reducing possible crosstalk. Where twisted pairs exist within the chassis.

twisted shielded pairs exist in the cables, with shield grounding rules following that of para-

graphs 7.1.4 and 7.1.5.
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7.4 PACKAGE SHIELDING

Each LRU of the CLFCS is essentially a closed package of sheet aluminum, which will give

adequate shielding of the electric fields that may be present either within or without the LRU.

Metal RFI gaskets, wide flanges with indentations, and adequate attachment of hardware

reduce any leakage through the seams of the covers.

Perforated screens provide an air opening for the power supply cooling fan. The perforations

result in a reduced opening size, which allows the intercepted electromagnetic wave to be

conducted to the chassis. Critical leads are routed away from these openings to reduce a

direct radiation path.

Test connectors exist on the CIU and the IMU Electronics. During normal operation a metal

dust cap is attached to the test connectors to seal off this path of radiation.

7.5 SPECIAL CIRCUITS

7.5.1 INTERFACE CIRCUITS

Where digital information flows between LRU's, a high degree of isolation is obtained by the

use of line driver/receiver pairs, which use complementary pair signals. For receivers in

the CIU which connect to the peripheral equipment, a control line is used to uL,.able them dur-

ing normal flight operation, so that they will not ambiguously detect the open input lines.

The analog inputs to the CIU are differentially received to limit ground loops and buffered to

isolate the time variable (chopping) A/D input impedance. The signals are filtered with a

bandpass of 3 Hz, well below the A/D sampling rate of 30 Hz.

The CIU analog output is a capacitivelv coupled A. C. signal sent to the turret subsystem.

7.5.2 POWER SUPPLY MONITOR

The CIU contains a power supply monitor circuit which properly initializes or shuts down the

CDC 469 processor during turn-on or power off operations.
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In particular, during butdown. the monitor circuit allows the processor to complete the

present instruction and shutdown without losing memory. At power on, the monitor also

detects whether the power interruption was for more or less than 2 seconds, and accordingly

selects an alternate starting address for th. resumption of operation.

7.5.3 GYRO SERVO AMPLIFIER

j
The demodulator of the gyro servo amplifier uses a sampling time which is out of phase with

the motor switching transients, thus giving itself a relatively noise free operational environ-

in en7.
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Section 8

RELIABILITY REPORT

8.1 RESULTS

A reliability prediction has been computed for each of the three major assemblies of the

Closed Loop Fire Control System. The total subsystem failure rate resulted in 1329.9

failures per 106 hours, or 751.9 hours MTBF.

8.2 ASSUMPTIONS

All units will be on board an AH-IG helicopter for the purpose of feasibility testing of the

closed loop fire control concept. The Computer Interface Unit and the Inertial Measurement

Unit are airborne inhabited, the IMU Electronics Assembly is airborne uninhabited. A maxi-

mum component temperature of 80 0 C is assumed.

For the purpose of reliability study, a generic parts list is utilized to assign failure rates

based upon the listings of MIL-Handbook-217B, Section 3. with the execption of assigned

failure rates noted in the tabulation.

The government furnished CDC 469 processor, which is a part of the Computer Interface Unit,

is not included within the reliability analysis.

8.3 DISCTUSSION OF RESULTS

The resulting subsystem failure rate of 1329. 9 failures per 106 hours (751. 9 hours MTBF)

represents a "conservative" predicition. Had detailed component temperature and electrical

stress data been available, the indicated failure rates might have been less since the generic

failure rates of MIL-Handbook-217B, Section 3, are average case condition.
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8.4 ANALYSIS

The method of Parts Count reliability Prediction was used to determine Lhe results. The

general expression for equipment failure rate with this method is

XEQUIP =I Ni ( X G ?rQ)
i=l G i

for a given equipment environment where:

X EQUIP = total equipment failure rate (failures 106 hr.)

SG = generic failure rate for the ith generic part (failures 106 hr.)

7r Q quality factor for the ith generic part

N quantity of ith generic part

n = number of different generic part categories.

8.4.1 COMPUTER INTERFACE UNIT

The required information for ,. ermining the failure rate of the Computer Interface Unit is

tabulated in Table 8-1. For the 35 items.

XEQUIP 606.3 f '106 hours,

or MBTF = 1649.4 hours.

The parts count is

i=35
X N. 1006.{:- i=l1

and therefore the failure rate per part is

i X'EQUIP,6

EQU. = 0. 603 f,/ 106 hours. part.
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8.4.2 IU ELECTRONICS ASSEMBLY

The required information for the IMU Electronics Assembly is in Table 8-2, and

SEQUIP = 566.0 f/106 hours,

MBTF 1766.8 hours.

i=31
' N. = 739,: i=l1

and

E0. 766 f 106 hours. part

-N.

4 8. 4.3 INERTIAL MEASUREMENT UNIT

The required information for the Inertial Measurement Unit is in Table 8-3. and

= 157.6 f'106 hours.SEQUIP

MTBF = 6345 hours.

i=13
X N. 95 parts,- i=l

and

X EQUIP 0. 723 f '106 hours 'part.

N.
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8.4.4 TOTAL SUBSYSTEM

The total prediction for the 3 assemblies is

XEUI - 1329. 9 f/10 hours,

MBTF = 751. 9 hours,

i 79
N 1840 parts,

and

X EQUIP 6
________ - 0. 723 V~10 6 hours/part.

XN.
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TABLE 8-1

COMPONENT FAILURE RATES FOR THE COMPUTER INTERFACE UNIT

ITEM QTY N
i N FAMILY X X

1 8 Connector Sets -70 Pin PW 13D, Airborne, 1.0 1.7 13.6

Solder Cup

2 9 Double Sided Printed Wire Board 1.0 .024 .216

3 24 Linear Microckt, Military 5.0 .24 28.8

4 14 Linear Hybrid Microckt. Military 5.0 .27 18.9
5 61 TTL Microckt, 5400 Series 5.0 .14 42.7

6 81 CMOS Microckt, 54C00 Series 5.0 .14 56.7

7 1 CMOS Multiplexer, H1506A 5.0 .14 .70

8 3 CMOS D"A Cony., MN412H 5.0 .14 2.1

9 1 TTL A'D Conv., MN520511 5.0 .14 .70

10 6 FIFO Memory Microckt - AM2812ADM 5.0 .99 29. 7

11 1 CO-238A 3 MHz XTAL Oscillator 1.0 .2 .2

12 16 NPN Transistor - Jan 1.0 2.0 32.0

13 5 PNP Transistor - Jan 1.0 3.2 16.0

14 25 Diode - Jan 1.0 1.6 40.0

15 21 Capacitor, M39003/01-, Level m 1.0 .26 5.46

16 2 Capacitor, M39003/02-, Level in 1.0 .26 .52

17 12 Capacitor, M39014101-, Level m 1.0 .11 1.32

18 183 Capacitor, M39014 02-, Level m 1.0 .11 20.1

19 5 Capacitor, M39018'01-, Level in 1.0 6.9 34.5

20 1 Capacitor, Polycarbonate 1.0 .012 .012

21 263 Resistor, RCR07G 1.0 .018 4.73

22 257 Resistor, RNC55H 1.0 .063 14.3

23 2 Trimpot, RJ26FX102 1.0 27.0 54.0

24 1 Connector, 25 Pin Micro-dot 1.0 1.7 1.7

25 2 Connector, 51 Pin Micro-dot 1.0 1.7 3.4

26 1 Panel Connector, 10 Pin 1.0 1.7 1.7

27 4 Panel Connector, 55 Pin 1.0 1.7 6.8

28 17 Power Cube Module 1.0 5.0 85.0

29 1 Magnetic Demod 930C725P1 1.0 20.0 20.0

30 1 Time Meter MS17321-10 N.A. N.A. N.A.
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TABLE 8-1. (Continued)

ITEM QTY FN

i N FAMILY 7QNx

31 2 EMI Filter - 28 VDC Feed Thru, 539D919P5 1.0 .11 22

32 2 EMI Filter - 115 VAC Feed Thru 1.0 .11 .22

33 2 Power Relay. 539D940P2 1.0 5.7 11.4

34 1 Fan, 115 VAC 400 Hz, 11 Watt 1.0 50.0 50.0
35 1 Thermal Switch 1.0 8.6 8.6

TABLE 8-2. COMPONENT FAILURE RATES FOR THE IMU ELECTRONICS ASSY

ITEM QTY FrQ N
i N FAMILY 7Qx N

1 6 Connector Sets - 70 Pin PW BD, Solder Cup 1.0 1. 7 10.2
Airborne

2 7 Double Sided Printed Wire Board 1.0 .024 .168
3 17 Linear Microckt, Military 5.0 .24 20.4
4 5 TTL Microckt, 5400 Series 5.0 .14 3.5

5 75 CMOS Microckt, 54C00 Series 5.0 .14 52.5

6 1 CO-238A\ 4 MHz XTAL Oscillator 1.0 .2 .2

7 25 NPN Transistor - Jan 1.0 2.0 50

8 48 PNP Transistor - Jan 1.0 3.2 153.6

9 51 Diode -Jan 1.0 1.6 81.6

10 28 Capacitor, M39003'01-, Level m 1.0 .26 7.28
11 28 Capacitor, M39014 01-, Level m 1.0 .11 3.08

12 85 Capacitor, M39014,02-, Level m 1.0 .11 9.35

13 4 Capacitor, M83421,'01-, Level m 1.0 .012 .048

14 145 Capacitor, RCR07G 1.0 .018 2.61

15 157 Resistor, RN55H 1.0 .063 9.891

16 9 Resistor, RNC7OH 1.0 .063 .567 j
17 2 Resistor, RWR 81S2R21FM 1.0 .26 .52

18 15 Power Cube Module 1.0 5.0 75
19 1 Time Meter MS17321-10 N. A. N. A. N. A.20 2 EMI Filter - 28 VDC Feed Thru, 539D919P5 1.0.11 .22
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TABLE 8-2. (Continued)

ITEM QTY
i N FAMILY rQX N

21 2 Power Relay, 539D940P2 1.0 5.7 11.4

22 1 Fan, 115 VAC 400 Hz, 11 Watt 1.0 50 50
23 1 Thermal Switch 1.0 14 14

24 12 Resistor RNC65H 1.0 .063 .756

25 1 Capacitor, Polycarbonate 1.0 .012 .012

26 6 Fuse, GEA 6/10 1.0 .10 .6

27 1 Connector, 22 Pin, MS27508E12B22S 1.0 1.7 1.7

28 1 Connector, 10 Pin, MS27508E12B98PA 1.0 1.7 1.7

29 1 Connector, 37 Pin, MS27508E14B37P 1.0 1.7 1.7

30 1 Connector, 26 Pin, MS27508E16B26S 1.0 1.7 1.7

31 1 Connector, 42 Pin, MS27508E16B42S 1.0 1.7 1.7

TABLE 8-3

COMPONENT FAILURE RATE . OR THE INERTIAL MEASUREMENT UNIT

ITEM QTY 7rQ NX
i N FAMILY x

1 1 Printed Wire Board - Single Side 1.0 .012 .012

2 6 Linear Microckt, Military 5.0 .24 7.20

3 24 Capacitor, M39014/02-, Level m 1.0 .11 2.64

4 6 Capacitor, M39014/01-, Level im 1.0 .11 .66

5 2 Capacitor, M39003/01-, Level in 1.0 .26 .52

6 3 Capacitor, MC71A3R3K 1.0 .11 .33

7 24 Resistor, RNC55H 1.0 .063 1.51

8 18 Resistor, RCR07G 1.0 .018 .324

9 1 Connector, 22 Pin, MS27508E12B22P 1.0 1.7 1.7

10 1 Connector, 37 Pin, MS27508E14B37P 1.0 1.7 1.7

11 3 Connector, 17 Pin, Matrix Science 90231-17 1.0 1.7 5.1

12 3 Gyro Assy, Honeywell GG111LC02* 1.0 42.5 127.5

13 3 Accelerometer, Sundstrand QA-1000-S5** 1.0 2.8 8.4
* Supplier supplied Failure Rate 42.5 f/10 6 hours.
* Accelerometer Failure Rate Assigned 2.8 f/10 6 hours.
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APPENDIX A

KALMAN ESTIMATOR TERMINOLOGY

PROCESS EQUATIONS

AND

COMPUTATIONAL FLOW
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A. I LIST OF DEFINITIONS

k - CURRENT COMPUTER FRAME DESIGNATOR

At LENGTH OF EACH COMPUTATIONAL FRAME (SEC)

t kAt

- DURATION OF ESTIMATOR OPERATION MEASURED FROM THE INITIATION OF

THE FIRST FRAME TO THE CLOSE OF THE kt FRAME

x = TRUE STATE VECTOR FOR FRAME k HAVING mxl ELEMENTS

ACTUAL OBSERVATIONS RECEIVED DURING FRAME k HAVING nxl ELEMENTS

uk RANDOM STATE EXCITATION FOR FRAME k OF DIMENSION 5 rn

vk RANDOM OBSERVATION NOISE FOR FRAME k OF D IMENS ION _ n

STATE TRANSITION PROCESS FUNCTIONAL CONSISTING OF rn EQUATIONS

CONNECTING Xk+ 1 TO xk

A = LINEARIZED STATE TRANSITION MATRIX HAVING m x m ELEMENTS

6x 1 6': x 2 6x

2 x 6 x2  2

6 x1  6 x2  6 xm

m m

[ x;,
I. Ix A-m
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B STATE EXCITATION PROPAGATION MATRIX

r - STATE TO OBSERVATION CONVERSION PROCESS FUNCTIONAL

C - LINEARIZED STATE TO OBSERVATION CONVERSION MATRIX HAVING nxm ELEMENTS

1 x2  x

6r 2 61"2  6r 2

ax x ax m
*1 2 X

6r n 6r n ar n

Lx1  2  xm

D a OBSERVATION NOISE PROPAGATION MATRIX

K a COVARIANCE MATRIX FOR uk

kL COVARIANCEMATRIXFORvk

x - ESTIMATED STATE FOR FRAME k
Xk

X EXPECTED OR FORECAST STATE FOR FRAME k+1

Yk EXPECTED OBSERVATIONS - r (7k)

zk " INNOVATION Yk Yk

a COVARIANCE MATRIX FOR zk

G a GAIN MATRIX
k

A
a ERROR IN ESTIMATED STATE x k X

k k k
A A
kP a COVAR lANCE MATRIX FOR . Xk

AXk+ " ERROR iN EXPECTED STATE Xk+ - X

P k+I - COVARIANCE MATRIX FOR AXRk+l
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A. 2 PROCESS EQUATIONS

TRUE STATE PROCESS - Xk+ r (Xk) + Buk

OBSERVATION PROCESS Y- r (xk) + Dv
kk k

ESTIMATION PROCESS r (k

Yk kkZk =Yk - Yk
A

A =v + G zxk =k k k

x x(
k+l k

ESTIMATION ERROR COVARIANCE - P = 1I - Gk C)P k (I - G kC) + k DLDTG T
AT

Pk I "APk +BKBT

INNOVATION COVARIANCE Q CPkCT + DLD T

KALMAN GAIN MATRIX - xk  P CTQ 1
k k k
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A. 3 ESTIMATOR COMPUTATIONAl. FLOW

k - CURRENT FRAME DESIGNATOR
k+l - SUBSEQUENT FRAME DESIGNATOR

1
Yk- r (k) EXPECTED OBSERVATIONS FOR FRAME k

Yk 2 INPUT OBTAIN ACTUAL OBSERVATIONS FROM INPUT BUFFERS

Zk - INNOVATION VECTOR FOR FRAME k

4
A
Xk Xk + Gk Zk NEW ESTIMATED STATE FOR FRAME k

k+l - (xk ) EXPECTED STATE FOR ENTRY INTO FRAME k+l
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A.4 GAIN COMPUTATIONAL FLOW

k = CURRENT FRAME DESIGNATOR

k+1 SUBSEQUENT FRAME DESIGNATOR

C1 k  br/x, x I CONVERSION MATRIX
2 cT  T
2Q c C + DLDT INNOVATION COVARIANCE

~k Ck kk

3 T 1
Gk PkCkQk GAIN MATRIX

A _ kkT DL T G T
Pk (I-GkC PT + G k D T FILTERED STATE ERROR
k kIkGC)k k-GCkk k k k kCOVARIANCE

5 AKA k  ,,18X], x = xk  .RANSITION MATRIX

6 ~ A T T K EXPECTED STATE ERROR
k+1 kkkCOVARIlANCE

SP DEFINED TO INITIATE GAIN COMPUTATION.
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A. 5 DISCUSSION

The separation of the computational flows for the estimator and gain algorithms in Section A. 3

and A. 4 is significant in relation to an airborne computer mechanization. The source of the

gain matrix G utilized in Step 4 of the estimator algorithm may be any one of the following:

* A fixed gain matrix, computed in non-real timne according to Section A. 4 until

the steady-state values are reached. These are then stored in the airborne

computer's memory.

* An explicitly varying gain matrix, developed by fitting a non-real time compu-

tation of the Kalman gains according to Section A.4. The empirical relations

for generating the approximate time-varying gain elements would be mechanized

in the airborne computer.

a A Kalman gain matrix, computed in real-time according to Section A.4, but

possibly at a reduced update rate.

Computing the Kalman gain matrix in real-time but at a reduced update rate in comparison with

the main frame rate of the airborne computer distributes the time consuming covariance propa-

gation algorithms of Section A.4 over several main frame iterations. The result is potentially

a significant reduction in computational burden at the expense of a minor sacrifice in accuracy.

This is due to the fact that the dynamics of the gain process are frequently slow in comparison

with the computer bandwidth appropriate to a fire control problem.

Figure A-i illustrates in block diagram form the estimator computational flow. It is noted
A

that the outputs for computer frame k include both the filtered state array, x, and the ex-

pected or forecast state array, Xk+i" Figure A-2 presents a partial time-line of events in

successive rames k and k+1. The numbers in the segments of frame k refer to the s t.'ps in

the estimator algoritim shown in Section A. 3. The output xk is linked in time to the occur-
rence of Step 2, when the airborne computer's input buffers are filled with new sensor data.

It is assumed that the length of time actually required for this operation is very short in com-

parison with the frame length, A t, so that the observations yk can be regarded as pertaining

to a specific instant of time. Likewise, the output also available during the kth frame,

is linked to th, observation input event in frame k+1. This places in evidence the fact that

interpolation between and k+I can potentially realize a state output x* with optimum phasing

for control purposes.

k ' k  k+1
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INNOVATION OR RESIDUAL VECTOR, Yk Y

FILTERED
STATTATE

CORRECTION

SENSORS

OLBSERVATION + GAIN EXPECTEDIOR

ARRA MAR IXPROESSFORECASTED

_ _ _ _ _ _ _ 
x k k1 +T T

EXPECTEDk
OB SE RVA T 0N S- CONVERSION

Figure A-1. Kalman Estimator Block Diagram
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APPENDIX 1

KALMAN ESTIMATOR ANALYSIS 1ROGRAM (KEAP-I)

The Kalman Estimator Analysis Program, KEAP-II, is an analytic tool for evaluating the
performance of a state estimation system, using the Kalman estimation technique. It can be

used to generate the time histories of the state estimates and predict the statistical accuracy

of these estimates. It uses a discrete form of the extended, or nonline,rw Kalman equations. A
perturbation method is used to generate the local derivatives of the state transition and state to

observation conversion processes when they cannot be assumed to be constant.

The program permits switching between t,vo or more modes of operation in any sequence

desired. Such modes can represent, for example, loss of sensor signals, change in sensor

noise characteristics, cyclic computation changes, change of basic configuration, etc. In
addition, provision is made for calculating the estimator gains at a lower frequency than the
estimation frequency. In this case, the propagation of the estimation error coatinues at the

higher rate, showing the build up of error.

In many cases, the primary output of interest is the computed error variance or RMS e,'ror.
Provision is made to use true state in the determination of the transition function derivatives

if desired. In this manner, the error variance is typical of an ensemble of runs, having the
true state as a mean. In such use, the estimate of state time histories are primarily of value

in determining the settling of initial conditions.

The noise characteristics of states and observations can be simulated by augmenting the state

vector with auxiliary states, which are then used to shape the white noise to the proper frL-

quency spectrum via digital filtering techniques.

The program is written in FORTRAN IV for the 1IS 600.'6000 computers. It makes extensive

use of variable dimensioning in the subroutines to save computer core as different sizes of
systems are evaluated. A special set of subroutines for matrix and vector operations, includ-

ing variable format matrix read and write, are provided. Extensive optional t...... ut is avail-

able during initial runs of a new problem, as well as a special summary printout 0f time
histories in simplified form. Detailed l)rintout, can be obtained at auy point or series of time

points and can include the complete gain and covariance matrices. Printlut identification can

be specified in common words as desired.
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The specific system being evaluated is defined by FORTRAN statements inserted into four

subroutines. Subroutine PHIF contains the definition of the state transition process, or the

predicted transition from one point in time to the next point in time. Subroutine GAMMAF

contains the expressions defining the predicted observation values in terms of the current

estimates of the states. Subroutine YF includes equations defining the true observations as

functions of the true states, and subroutine XTF contains the definition of the values of the

true states as functions of previous values of true state and time.

The basic program can be modified to evaluate non-optimal gain systems by minor revisions

to the mai, program, describing the desired gains.

4'4
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APPENDIX C

HELICOPTER FLIGHT PATH SIMULATION

As part of the analysis of the CLFCS aircraft and target state estimators, and also in support

of the checkout of the CDC 469 computer software, the generation of the ideal aircr.ft and

target states versus time for straight-line and veer-off engagements was desired. There

follows a listing of the Comnuter Program "TPATH" written for this purpose. In Table C-1

are listed thie values of the ieal state components versus time for the two target engagements

described in Section 2.3.3 (see Table 2-9).
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C CLFCS TEST FLIGHT PATH GENERATION 4/10/76 REM
C PASED ON PRkCG-A' PPPATHA OF 1/ 17/75
C
C NOTE PASIC CONCEPT OUTPUT AT TIME T IS STATUS AT THAT Tli,.

nIYEh;SION Xd16)GY3)t,5 73),EF(4),SC(3) ,Y(17),SY(17)
D IE.I I')CT(l7),'.OCT(17) ,SFACT(17),i- OCTG(3),SOY(17),: Y( 7)

DI'.ESION XRAR(12),IZROl(l)
DATA IOCT/'17*-15/ 249 24~.'84.
DATA r-FACT/223o',627,-22-3.9627,2?3.94 ?7, 84*249984

+ 2Pz449o,3275.2,17?.3Th;,2L519+.,28.33c+8,-25.330489it
+ -28.3304F9~ 998r2-84,"~2. ,512.p512./
r)ATA IACE/17(C/,1LCS/7,,;,/,IFIRE/3O i,/,iA3C/5 ,.oQ/

K=57*29579VO

C IN\ITIAL POSITICN RELATIVt TG TARGET A;X SDLLD

D2=09

V= 2(10
C
C I%-ITIA. 'ANGF ESTIV'ATE FOR TRA'.SFER TO LOS ESTI;"ATvOk

77ST=5*92944
.r E5T=PFST+1.'s

c ~PlITIAL CRAFT ATTITUDE AS ELL0 ANGLES - YAl-,PITCHtR0LL

A?=-&OP921

0= 0

SAVEI=r'.
SAVE*2=O.

SAVF3=C*

c CONSTANTS DEFINING THE PATH
T11= 2 2*5
T2=34

C 5 .0 5

C
C CSVP11TATION nP INITIAL ANGLE OF ATTACK AND RESOLVEU) SPCL'

A4= (-2 o103E-2 *V + E12 E-5*V*4*? -5.@2 2 E-74V** 3)K
V 1 ='V*COS (A'-)
V2 =0.
V3=-V*SJN(A4)

C
C INITIALIZE AND' DEFINE~ FINAL ITERATI0 ,

I ZRO 1) 0
T=Oo

TT3=1*/2.*
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P STAISH 0(ITPUT VN)E A\"' PPI',TOuT ITERATIO-h,S
C 'CFI-D' !, T EVE"Y 112 SCICO.O.) NC0 CCTAL OUTPUTS
C Vrl*'r 2 - PiPAN.T EVE.NY I T E 1,T iOt, F RO- IP 1 T - 1P2 s %'I T H OC fAL

C M0~ 3- OP1~ -0E\ 1/? St:CO&.Dt P IPAT - CXTPUTS ONLY

N,- r) F 3

C J%-E F P~ 2 V2T=0 NO TAPEP V2T=1 C DC :AP)E, \2T= - IjARY TAPE

%12 T=O

V2 T=1

I TPP*)=
IT IQ= 11
I Tpp=30

C

C E*5TAPLISH P1kA\ES FO,,, SYSTEAi t'O:E CHANGtF (DlSCkl-,TLS CHAI'13E)

1 r)4= 720
I r=7?].

I ',7(, F c

I )c=P40

C Ir %'2T=2 OUNCH INITIALIZISG VALUES FOR~ A/s) AND GYROS

IZ(N'T.*E?)G') TO 1050

OY (3) =-32*O76F

IY('4h=.096?9F

OY(A) =00e .1

0Yf7)=e?9Q965 71

QY( 1)=9'5P.9A7
0Y(1?)=-2R2@946

QY( 15 0O

C IF %?T=l :,UICLI INITIALIZING VALUES POJR A/3 Po) GVNCS IN OCTAL

IF('-';T*.NE.1) GO TO 1100
-Ni0C T (3.11766 20
N0C)T (?2=0000O0C
%'OCT (3 =01620
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-\O0CT (4) =173C0
I-OCT (5 =06(721l0
NIOCT (f A =00o)o
N\OCT (7) =067440
Nl'CT (8) z066000
\1IJCT (9q)=022 100
N'0CTC 10 :02('Cl
.%I(CT( 11 x0650'40
',OCT( I?)u017520'

lOT 14)=01274C
\'OCTG(!I)=0
%^0CTG (2) =O
\j,)CTG (3:=0

C THIS PART ')c TADE IS TO RE LOADLD BEF%-RE STAkTING CDC Ii ITIALI7.IXG,
CALL CO)CTOC 0145I4,NOCT ,14t17)
rALL CDCTOCOOO102259N0CTG#3,3)
CALL Ci;CT(O?1'12vIZ' 091,1)

CN
C 1 v2T1 PUNCH INITIAL x13AR vALUE:S TO 9E READ ALONG wITH THEC FIRS5T FN.AEIS SET OF AID AND GYROS WAHICH, 4ILL BE PU\.CHED LATER*

I XLBAR ( 1) =0
IX5RARc2)=P
IX, AR(3 )=0
IXSAR C4) =l

I XBAR (6~)c
I X8AR C 7) zA1 7'A
IX BAR CP) =(
I XRAR(9) =Z.644
IXjAR( 10)=17230 6
I XfAR C 11) =
i X9AR (12) =76203
CALL CD-CTOCO1455,PIX13AI* 12912)

11 0 CO\iT I I,,t E
C
C START TIME LOOP
C Ir~ITIAL ITERATIO.P IWITH DELTA T ZERO IS TO OUTPUT INITIAL VALU- S

C ESTA91LISH MANEUVER FACTOR
110 F=Oo

T=ITER*T3+*O001
IF(TsLTsT1) ^0 TO 1200
F1.*-EXPC-CT-T1 )**2/T2)

'' ~Tl+1O) ) GO TO 1200
F=F-Clo-EX0(-(T-Tl10eC)**2/T2))

CI
C CO0 PUTE EtJLER ANGLE RATES F.WOv PREVIOUS CRAFT R~ATES AND ATTITu.'Lvb

12001 C 0N T I-Nt IE
122n '21=-R*COS(A3) /COSCA2)-Q)*SIN(A3) /COSCA2)

[ R2=-O*CCS(A3)+R*SIN(A3)

123') C ONTIM;k:

C INTEGRATE TO GET EULER AA,\GLLS AT biD OF Tl Ir. STEP
A1=A1+Rl*T3
A2=A2+P2*T3
A3aA3+P3*T3

C
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* ' --7-7- -

C SA:EF VtC'IICLE AXIS RATES EXISTING AT START OF TIME STEP
I: T~r

C
DESCLVF CRAFT \'EL:\CITIES AT START OF TIM'E STEP TO) EAR~TH AXES
ujl =X *Vl+x3*V3

tU3=Zl*\, 1+Z3*v3

C INTECGRtTE V/ELOCITIES TO GET P'oSITIONS AT ENDP U:F Tli\L STLP

DI=!)1+UI* T3

D3 =D3+L,3*T 3
C

c CO,\PkJTE LOS 'RANGE AND OI' ECTI,:O'\ COSINES/ EARTH A.XLS

C
C IN.TFGPATF ACCELERATION TO GET 1"iW SPELD

\I F * * T 3
C

C,:\PFUTE AN\GLE O~F ATTACK AND RtSCLVE SPEED To CR'AFT AXIS VLLOCITILS
A4=(-?*:O3E-9*V +Po32E-5*V**2 -5e22E-7*V**2)/K
Vl\*CC S(A4)

V3=-V*.;,I(A4)

C CovPkUTE THtF EARTH/CRAFT TRA.N5F-RMATIoN '.ATRIX FOR FOR N".L. ATTITUDE
Yl=COS(Al)*COSCA2)
Yl=-S IN (Al)*COS(CA2)
Zl=SINM(A2)
X2=SiIC!A1)*COS(A3)-COSCAI )*SliN(A2)*S INCA3)
Y2=COS(Al )*COS(A3)+SIN (Al )*SI. (A2)*SIN(A3)
Z2=CO0S(A2)*S*N(A3)
x3=-SIN(Al )*SINCA3)-COS(Al )*SINCA2 )*COS(A3l)
Y3=-COSCAl)*SIIt(A3)+SIfNdAl)*SIN,(A2 )*COSCA3)A
Z3=COS(A2)*COS(A3)

C
A C CONWPU.TE ANGLE 3ETwEEN LOS AND CRAFT U AXIS

mlmS?*Zl-53*Yl
v2=S3* Xl-S 1* Z
*\A3= S V 1-S2 * x

f CA5=Xl1*+\l*S?+Zl*S3
fA 5=A TAN 2(WM#CA 5 )*K
C
C COY":PUTE CRAFT AXES ANGULAR RATES

'F*R4

P=-C*CR*Vl+32,17*Z2)

c COMAPUTE LATERIAL SPECIFIC FORCE IN 6'S

> I ~ F2=-Z2+(-R*Vl+P*V3)/32*17

COM)PUTE AND PRINT OUTPUT WHEN DESIPED
C INOTE THE REVAINDER OF THE PROGRAM IS OUTPUT A;\D DOL.S -NOT ALTtR
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VC TO <6 AI$S PTH1GEERT ION PROCESS IN ANY WAY,
i F C ~ T P R G E . P 1 .A V .( T E R L E s 1 P 2 ) , G O T o 1 7 6 0~r C i R N I ~ P 0GO TO 20001750, ~ ( T R N . T q ) AD # I E *%E O ) G O 2 0

176,) CO\!TLf'&OE

X (6)x*V3..F*6*CS I CA4)

XC 7) zvl
X (8) V?

X ( 1) 1 000a * 7X 2 +3s+z*
3X(I2)=~1000.Z

A7 =.<*ArA!\(U3/SQRTW1J**2+U
2 **2 ))

CC OUTPuT OF PQPAT}H QUANTITIES TO MATCHj TABLE C-l, IF ',:ODE 3 CH-O.sE-vIF~m0DE*N,3.) Go To 1880
RIEON00#00)T eX#A5tD3,A69A7

l P ORMAT(F7 
3 ,/ 9 F ~ 3 3 l * t F ~ 3 3 I , t / 3 I * t l o 9 i ..

GO To 2000
C COMVPUTATION CF SINIULATEP OBSERVATIO,1SC !E0uENcFc IS A/0 CHANNELS 0 - 13 THEN GYROS1.9 Do 1900 1=l,3

Y I i=-X 1+3 J-3 2d17*X( 1+91*e001

SCS)=COS(A2)
Y(6 )*SINe(A3)
Y( 7 )COSCA3)

Y( 10J) '8.2 57E-.6*EXP( -03/330Q3 ) *\I**2

(141 =REST
C COMIPUTE GYRO ANGLES INCLUDING RESIDUE FkO0! PREVIOUS PGA VALU

Y(I6)xOST*73*10ooo+SAVEP

Y(T7=cST*3*
10 00 ,+AE

6T3mRSrj*T
3*1c00 ,C

C AT ABC INSERT IMPACT COSINES X 1000IF'JTER@NE*810I GO TO 1905
Yell 1-840,053
Y(1=-6,3

C-7



Y( 13)=-27l.?98

C CHECK THAT COMPUTED STATIC AN[) DY.%A-*IC P'RESSuPES AiN3 ABSOLUTE

C TOPTTUR O GIEVTt DIF RD 1 ORSPD SYNDR D%) =SY 9) 4190.5

1q30 WITEC.O(6177?):(9Y(I),I/Y(i0)

C
W C !CALCUE OCPTL ANU SUALTTZEDFO DE UILAIFING YOie5LVTJ* 2;P

191 SDYO 194 =1,17--CTl

CALL '=SOC(SY(I),IOTCI) 0'CT(I

C

. C FORCE THE 4 LOWd ORDER BITS TO ZERO TO SIMULATE THE RES;UL.T OF
"I C THE 11BIT AID AND THE w4Y DATA IS TRANSFERED TO0 THE CDC CORE*

-%inCT (I) =NOCT (I) /10*10
'OCT?=NOCT(I),1C-NOCT(I)/100,*10
IF((FLOATCIOC-T2/2)),NE.CFLOATCIOCT2)/2.) ) NOCT(I)-NOCT(I)-10

1940 COJ)TINUF
C
C CONVERT OCTAL FACK TO DECIMAL AND REVERSE SCALING PROCESS

DO 194? I=1917
1942 CALL SCCTDtN'OCT( I) ,IOCT( I) 9SY( 1))

SQYC R)=SOY( P)+19651.2
S0Y (9)=S0Y( 9)+40190e15
DO 1944 I=1917

1944 OY (I) =SQY (I) /SFACT (I)

C WtRITE A/D SCALED DECIMAL, B-15 SCALED OCTAL A,,D QUAi TITiZED vr-CIMAL
WRITECNIOD,118) (SYCI), I=1910) '

118 FO)RM\ATC7X,1OF1.O
WRITE(NOD91O6) (NoCT(I)9IOCT(1)s 1=1910)

106 FORN'AT(7X#10(I8,13))
WO ITE (,"%D,9122) CYcI)91=1#10)

12? FORMVAT(7X,3F 11.4,4Fl1.6,F11.4,F1.3,F11.6,/)
C

C SAVE D)IFER~'C 0EwENG AN\GLE AP.0 DIGITAL REPRESEJTATIO~.
^)AVE1=Y(15)-QY(l5)
SAVF2=Y(16)-OYv(16)
SAVEl=Y (17) -O'v(17)

C
C WRITE SECOND PART OF OUTPUT 1INCLuDING DISCkETES AND VELOCITY CHECK

IF(cITEP .EOs I D1 IDESC=IACE
IFC(ITER.GE.ID?).AND.CITERoLE&ID3)) IDESC=!LOS
IF(ITEReE(~.ID4) IDESC=IFIRE
IF((ITER.G-E.ID5).A"DotITERoLE.ID6)) IDESC=ILCS
IFCITEReFOoID7) IDESC=IA,,'C tSCiO
IF((ITER.GiEoID8fl.AiND.(ITLR.LEoID9)) IECIO

1950 %4RITECN'OD91Oe) (YI)s I=11,17)#IDESCvVCK
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I~('~F.'~.2) RITE(NOD9120) (SYCI)t 1:11,17)I

124 FOR ".A T 7X 73F11.,1. le ' 0,

C I F , ' )E 2 ' ~2T%:2 PUN~CH F-I%!AfkY TAPE FOR INPLUT TO A/C E, O
I F 'MTe.,E*2) GO Tr 1955

C IF -*"" " 2 AN,' %*2T1l PUNCHJ CDC T APE To SIVULATE AID9 GY'ROSttAY" ;.,0ItTLs"

1 '5 5 I F"? T *N6 oI ) G(' TV 2000
D f 19f- I 191,3

1060 NOC TIGc!)=CT(I+ 14)
"ALL CiCTn (0145149t\OCT,14917)
C AL L CflCTO" (00(2259'.OCTG9193)
CALL ,'-T( On0?47 912 FSC 91 91)
-ALL (C)CTr)( 02121?, I ZRCtl91)

C VOTE APDRE 5S 021212 IS USED To STOP THE TAPE .!HiE.% kE'
C

C UPDATE :TERATlON' C 'UT, SE.T 13i TO TRUE T3 AFTER ITE-<AT ICN ZE-:-C
2'V1C I'EPlITER-1

IFC1T REP. .) T3=TT3
1e(ITE~eLFoITF9F) GO TO 115D

w~I TP ( ,Or), 104)
STOP

EN D
C S-)FRO(JTIP'E T(' CONVERT DECIYMAL NU' fHE S Tj OCTAL WITH A SPECIFIC&D

C BSIN'ARY PCIT SCALIN\G. THIS vERSION', FOR 16 to1T FRACTIOXAL 3Ix.AR~Y

C SCALING CONVENTION IS N= t~I.NARY POI'iT LEFT SHIFT NHEN D-~ r\

C SCALED VALOFS TC NON, SCALED VALUES. 1/20/76 RE%

SU"ROUTINE =_SOCT(DD9N9N0\CT)
I .TEGER DIGIT(7)tNUY6(7)

C SAVE SIGN
I SGN= S IGN (1 *9D)

C SC.'%LE
D=AIUJTA5S{%*FLOAT(2**(18+))+0.5)
IF(D *GE* 2f'2144s) GO TO 40

C Pl'%D OCTAL (PIGITS
D0 10 1=1 go
rIG I T ( I) AMOD( .8

10 D=AIN~T(0/8s)
C .90U ND

IF(CIGIT(1) *LE* 4) GO TO 2k"
r)IGI T( 2)=DIC)IT(C2 ).
DO 15 I=2#6

IFC')IGIT(I) *LEs 7) GO TO 20
DI G IT I )=O

15 DI G ITCI+1)=OIGIT(I+1W+1
C COMPLE 'NT IF \I.-GATIV-E

20 1 F( I SG *) GC TO 30
GIN) e?? 1),

22 N\(Jv-(1)7
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;. 1. i

(3^ TO In

-,C 2 1 2,L6

I L~I r C )
.C T( 2
CC: .V:7T MIG ITS TCO.E~ "T'

'E7JR7

CCTC=1'7777

CO VR CTL 'AI'rAL To) AVID 5I\ - A'C!ALTEG VAL
43 O) CT

r,), 45 J'd 9

50 F (VO/ iC**(J- G: TO4

C ~E RTAE TO S ECIMA AN REVESPAE LENA*Ev -CCLL'OCR ALS

C 9 LDD FDF DO~ MD +TM AFDRS L~G; VIA DATA TA0r'.

C UP OO NE LTA PUICTO TPTOL VCDCr THEC CG' RL5,TEN 4/22/7
FACALLEP LOAL ONET 'ThCI'*SALT'GA IE.A RS H:

TDO REDE TO ,A1 PC Eiir ,L CuR CT CL,
SU9EC=N.E COCT;OCT/1o:)-RI0C)*e**,J-

ANOCT=1CCT/OR
C CAOjiIF N G.LAUITEtTPTVC~ H D'RS9TE ,'

CW 'ERT CTA 7'."' rt~54'A
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C cCoNVERT r)ECI'AL TO HEX ELEM~ENTS AND ADD SIT IN 5TH PLACL

Rr q-iF4 NOT 19293 OR 4 TO GIVE BLI;ID CODE*

I HLX(CJ) =MO (NDEC, 16)
''7((HEX(.J) .EO.J) OR. C IHEX(J) .GT.4) ) IHEX(J)=IHEX(J)+16

C SWIFT HEX ANDf CGit'13INE

COR P1THE CONSTANT !!ASK PITS TO CO*-'PLETE BLIND CODE

C 1 - EY EN T COl'-'~.TES A \D TEST FOR LAST OF DATA

II

I F 4- -NI) 2 92292

20 - CT=10-I-



APPENDIX D

OPEN AND CLOSED LOOP FIRE CONTROL SIMULATION

For the pur'pose of v,:rifying the accuracy of the open and closed loop fire control algorithms

pre,- ited in Sections 2. 5 and 2. 6, it was necessary to generate the fire contro l solutions

arising from ideal state variable input conditions, as well as from input conditions incorporat-

ing selected bias errors. The time shared computer programs "GQGUN" and "GQHIT", whose

listing appears on the following pages, were prepared for this purpose.

Also included in this appendix is a set of operating instructions particular to loading the paper

tape generated from TPATH (see Appendix C) and recording selected data for acceptance test.

OPERATING INSTRUCTIONS FOR SOFTWARE DEMONSTRATION

1. Load program tape (S.A. = 7237) and load any system patch tapes (S.A. = 73148).

2. Key in:

ADDR INST

010445 043247 Discretes

C11633 007700 Gyros

010433 007700 A/D

010444 007700 A/D

011657 000400
011660 013720

013720 042625 LDR 225, 5

013721 062430 STR 30, 5

013722 042626 LDR 226, 5

013723 062431 STR 31, 5

013724 042627 LDR 227, 5

013725 062432 STR 32, 5

013726 047420 LDR TEMP, 17B

013727 000017 RTN 17B
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ADDR INST

007343 010143 Loader Jmp

007143 000400 to Start of

007144 010400 Main Prog.

011453 042756 LDR 356, 5

011454 002420 IJP $, 5 dec. counter

011455 062756 STr 356, 5

011456 000105 NZS

011457 010057 ENP

,011460 000400

011,161 007314 J nip to Loader

000304 025004 KTF 1 1 '3

( 007353 010326

4 007475 020436 MUL SGX,1

007476 060625 STR GYRO X, 1

007501 020,37 MUL SGY, I

007502 060626 STR GYRO Y, 1

3. Read (single step m'de) the initialization block of test tape (STOP CODE = R1
021212).

a. execute (single stop) program locations 104368 to 103178, 103228 - 103268.

T 4. Read and execute 9210 (1348) b)locks of data = FIRE time (T = 24).

a. enter 1348 in loc. 3568

b. enter 73148 in program counter (location 0)

c. Run - tape stops after 92 nd frame is executed

d. step mode - record data

5. Read and execute 9010 (1328) blocks of data - A13C time (T = 27)

a. enter 1328 in location 3568
b. enter 73148 in :'rograli counter (location 0)

c. run mode - tape stops after 90th frame executed

d. step mode - record data
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6. Read and execute 3010 (368) blocks of data - Release ABC (last ABC frame =

T = 27. 967) time (T = 28. 000).

a. enter 378 in location 3568

b. enter 7314 8 in program counter (location 0)

c. run mode - tape stops after 378t_ frame executed

d. stop mode - record data 
4

7. Read and execute li 10 (138) blocks of data - end of r "cursion.

a. enter 138 in location 3568
b. enter 7314 in program counter (location 0)

1th faeeeue

c. run mode - tape stops after 138 frame executed

d. stop mode - record data

8. Read and execute 4910 (613) blocks of data - calibrated fire (T= 30)

a. enter 61 in location 3568
b. enter 73148 in program counter (location 0)

c. run mode - tape stops after 6 1st frame executed

d. step mode - record data
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Tape Data Block 0 sec Single step read and execute
to 172768

Block 1 20. 967 sec

OPEN Read and execute 9210 blocks

Lof data (134

Block 92 24.00 sec Fire record data end of block
92 execution a

24.033 sec

Read and execute 901 blocks

of data (1328) I
8I

Block 182 27.000 sec ABC Record data end of block 90
: execution 10!

Block 183 27.033 sec e .to

Read and execute 30 blocks
4 10

of data (to end of block 212)

(368)

Block 212 27. 967 sec Release ABC Read and execute 11 blocks
10

of data (138) - End of recur-

sion, record data end of

block 223.

Block 223 28. 333 sec End of Read and execute 4 91 (618)
Recursion

blocks of data - calibrated

fire.

Block 272 30.000 sec Calibrated Record data end of block 7110
Fire 1execution 10

Figure D-1. Outline of Software Test
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G101JN 08t57FST 11/23/16

1 000 REM. CLOSED LOOP FIRE CON FROL ANALYSIS PROGRAMA
1010 REM INCORPORATES 14-56 BALLISTICS - P.I3RIr)GS -7/13/75

1020 REAL) P5. 46. A7
1 ')30 S4=0

1090 PRI14T "tIIRST FIQING CONDITIO)N"

1110 READ R, CI , 0-2. 01, 02
1120 READ) Al, A2. A3
1130 r E A!; V I, V2, V 3
1140 READ PI, P2, P3
1 1130 9OS'13 23
1160 P7=SQR(Pl2+P2*2+P3 %2)
1170 S51-(XI*PI+YI*P2+ZI*P3)/P7
1 180 S2=-(.X2kPI+Y2*P2+Z2*P3),P7
1190 S3=-,(X3*9I+Y3*P2+7.3*P3)/P7
IM~0 V7=-(Vl*S3I+V2*S2+V3*S3)
1210 1'3=(Cl/2)*C2*SR(3-V7)
1220 Ti =(P54D)7)/((R9V7)-C3*(o5+P7) %
1230 0=01-0)2*C?*T 1
1?40 P6=(0/2)*(TV^2)
12530 C4=0*TI*(I+C3*TI)/(2*3)
1260 3I='3I+C4*ZI-(VI+V7*3I)/83
1265 ~~IS
1270 G2=S2+C4*Z2-(V2+V7*S2)/9
1275 02=02-S2
1280 G3=,S3+C4*Z3-(V3+V7*S3)/9
1285 D3=313-S3
I290 C5=I /SOP (01 ^2+G2^2+G3A2)
1300 GI=C5*03
1310 G32=C5 *G 2
I1320 G3=C5*G3
1 330 PRI14T U1OPHN LOOP FRE CON~TQOL DATA"
1340 P9INf "1TAIRGETr SIGHTLINE !UIRECTIO)N 'CoSINFS:' I
I1350 Pf? 1 'T "IS'1" 3 S11i "RAD"O
1360 PRINT I 9SV=I": S21 "IRAD,'
I1370 PR IN-T 1154=11t S3; "IRA-'"
I13RO PRINT "EFST RANGFE="; P,3+P71 "tFT"
1390 PRINT "EST -'ANGE-RATE=";i V7t "P[-T/SEC-"
1400 PRINT "'DRAG COEP=";1 C3; fI/SEC't
1410 PRIN4T "EST rF=",; TI; "tSEC"-
1 420 PRINT "EST k3RAV DROP=";1 P5; "OFT"
1 421 PRINT "CoMPUTED LEAD ANG."1
1422 PRINT "'DI="; DI
1423 PRINT "IDV=";l D2
1424 PRINT "Dafi="; D3
1 430 PR INT "COMPUJTED 0(JNL IAE w1 REcTrm COSINES:"
1440 PR I -IT 1"00=1t Gil "1RAD"O
1450 PRINT "tiV="I; 02; 'IRA:)"
1460 PRINT "1G.1=1" 03; "IRAD"1
1470 A4=ATN(3/SQR(GV"2+J2-2))
1480 A5=ATN(-G2/GI)
1490 PRINT "IGUN ELEV-1"; A4; "1RAP"I
1500 PRINT "UUN TiAIN="I; A~3; IRA01"
1510 PRINT
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• .. '." ' I I *Vl . 2 P , 3*V3
''?.-. I I 1-Y 3*V 3

I II') 13= " I V 1 +72 3-12+/ 'kV3

13 .)') il=)
I ') " l 11)

IS1') I:-)

I4 ) I =4j ( P 4 /7) S( I -")+ ;3" ) 2

•~) N,' 1( %13

",') 4', 1' 110
I "P)

) I T.--4 I',1 * / F(W1 ' + ? J )

• '$ I C 1 3-1 ' 'T - .

C~ r *' 1 rr: ) j~ r:m : \l I
F r')-'?~ a > ~ [7) ; ij jA f I='I A 11 ~A'P

- I3) '' ? I IT

I '-,') + V )

. , P) I

I/3" P iT '.!'K:)OI .))I"2"
I ))') [ ' I ;C 3fI ) ' "

I1 )3") 3 1 1?*( 3=1 I ' ")*)"

' q2 :"I- ' I" ".'+), ')- '- " 2)i it Il"" ^) ,)

4 1)

/1 7) l 1 .

I ') r )')I i)'

, )O ' I = [1 +,r;

I=)(O 2 1I rR + Y I kl3?.z 3; 1y

5 X): 1+- y 2 + 2 A ;'3) '

" ~ ~ ~ 9)7) '")r j,(t F 3IV)-"

' 2:;~*)'') ,II :3& .- ;,'3 ) l ( /.) ( I 3

21; M= XV 3 I 1(" ','3 Q,
i~~~~ r i="2 3('(X t12,+l+"2+0-,, )

.21 ) '45--- '2 P' " I Y't2+ ' I. .: ] /

21 ') k 31=( 1 + +1 2 "') "( H ")

C 2 )1 ' Ii,1\' + 3 ). '

21o ) f') IF 3+ 3) > )l-'lI

-. ., ! 21 'fl tIt--'r-1--2 i
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j 218o r2=.I*T2
2I0 IF T2<IE-6 T4N 2520
"230 GO To 1900. DI ) =131 +pl

";220 )?=92+P2
230 ')3=33+P3

2?4'0 P kiD P I, P2, P31 P23 1F 0l TH4EN1. 25.,)

223 0 .) 1 =-I + )I

23R.) '1 3=-P 3 +D 3

23"*)0 '?z ') A , " .3
2 I ) JOS:1l3 253)~2320 ,tl=(X 1,41 +YI* +71*33)/ /

S3 2 30 ,- 3*'1 + Y2*32 + 71 2 *3 3 (3 7
2340 13( =X3J1 +Y3I '2+Z3*A 3)17

335) l), I TQT I<f-PoINT N)=SFq'V4T[')T, )ArM'l
2,0 A 4) 54, $55, S6

23170 1}i~r" ,J : S~ IL F .)I-'"'CT!'),q COSINe_-:= '

?3 3 p? tIAT "S311="* 1;4; "'P'
2 3903 O IAT IISV=11; '35; 'IRA;) '

21)0 :?I IT "S S=" 6; "H2 ,
211, o ) ',I iiT a,r[V oIK (,I r 51 H I ' I Q [?,FT"Ir.l C SI ES .

;2.120 p l 4T 'II'J='J 'I I ; 1i1 A ).
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APPENDIX E

SAFETY STATEMENT

This appendix lists the CLFCS Safety Statement. Originally issued on June 17, 1976, para-

graph 4, Sequence of Operations, has been modified to reflect the recently revised closed

loop fire control algorithm.

1.0 INTRODUCTION

this statement is submitted to Frankford Arsenal as a supplement to the requirements of

Contract DAAA25-74-C0609, so that the user will be aware of any potential hazards associ-

ated with the Closed Loop Fire Control Subsystem on the AH-1G airframe and its interface

with the associated GFE equipment. It is emphasized that the contract did not require a sys-

tem safety engineering program and, therefore, there is no strict relationship between this

report and the other reports and documents as so stated by AR 700-51, Item 13-003.

2.0 SYSTEM DESCRIPTION

The Closed Loop Fire Control Subsystem (CLFCS) consists of:

* Computer Interface Unit (CIU)

0 Inertial Measurement Unit (IMU)

0 IMU Electronics Unit

:, Control Panel (Pilot)

_ Sensors

L • Modified XM-197 Turret/Sight

The purpose of the subsystem is to provide a lead angle for gun aiming utillzing a digital com-

putation and analog conversions within the Computer Interface Unit. The Inertial Measure-

ment Unit and IMU Electronics Unit proide angular rates and linear accelerations to the CIU.

The sensors provide environmental inputs to the CIU. In addition to the open loop fire control

solution, the system also incorporates first burst strikepoint observations to make an improve-

ment on the second burst effectiveness.
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3.0 CONCLUSIONS

A potential hazard that exists in the Closed Loop Fire Control Subsystem is the possibility of

the gun being misdirected relative to the line-of-sight due to an electrical failure in the Coin-

puter Interface Unit or due to improper inputs to the CIU. This hazardous condition can occur

in three areas:

a. The lead angle signals of the CIU consist of three AC outputs, each of which
normally varies between 6.4 VAC in-phase and 6.4 VAC out of phase, and is in
sync with the system 10 VAC 400 Hz reference. Should this reference (due to
shorts, etc.) appear as an output signal. it could cause the gun line to deviate
from the line-of-sight by an angle tip to 1800.

b. Should the sensors (including the IMU) functionally fail or if the sensors have not
been turned on. the CIU will not have proper inputs, and will arrive at an
improper solution for its lead angle output. A component failure in the CIU inter-
face circuitry or in the GFE computer itself should also be placed in this category.
Such a condition could tend to cause the 6. 4 VAC output to oscillate slowly, per-
turbing the gunline within a + 330 envelope about the line-of-sight.

c. When the CLFCS peripheral equipment is attached to the CIU in the airframe, lead
angles may be directed to the gun by hand entries directly from the console. This
would result in the gun slewing to its new position, which would be within 330 of
the line-of-sight.

These conditions are considered hazardous both in view of a firing situation and a ground

handling situation. The gun barrel has a five foot length and the slew rate of the turret is 4
faster than human reflexes: personal injury could result if one is within the five foot spherical

radius of the turret.

Conditions (a) and (b) can be identified by running a preflight ground observation of the gun

being slaved to the sight. In flight, the gun is not easily observable, and a failure may not be

detected. For a close support mission, this could be a Category IV hazard. During test of

the development vehicle, the range should be clear of ground personnel. Any chase ship

activity should be restricted to an altitude above the test vehicle, outside any possible pointing

angle of the gun.

Condition (c) can be controlled by proper use of the peripheral equipment coupled with an

appropriate sequence of operations.
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Y 4.0 SEQUENCE OF OPERATIONS

The following sequence should be observed in operating the system either during ground test

or for pre-flight test. The sequence simulates the exercise of the closed loop algorithm and

may be used as a gross check of system operations.

a. Prior to this sequence of operations, check that all CLFCS switches are in the OFF
position, in particular the ARMED and the SERVO POWER switch. Keep personnel
clear of turret area. Use normal procedures to power up the DC, AC, and battery
bus on the aircraft.

b. Turn on vertical reference gyro.

c. Turn on circuit breakers for the turret, sight. CIU, and IMU. Do not turn on
turret SERVO POWER.

d. Place ARMED switch in SAFE position.

e. Place COMPUTER MODE switch in CLOSED LOOP position. This will apply
power to the CIU and to the IMU and other sensors. The FIRE INHIBIT light will
be energized by the CIU for approximately 5 seconds to allow the IMU gyro motors
to get up to speed. Set RANGE potentiometer on Control Panel to 2000 meters.

f. Clear personnel from immediate turret area. Turn on turret SERVO POWER.

Q. Direct sight at some point, depress ACTION. Turret should slew to the line-of-
sight with the addition of a lead angle.

h. Release ACTION SWITCH.

CAUTION

DO NOT PROCEED PAST THIS POINT DURING ANY GROUND

TESTING IF AMMUNITION HAS BEEN LOADED.

i. Place ARMED switch in ARMED position.

~. Select some simulated target and impact point separated by about 75 millradians.
Acquire the target and impact points with the sight and mark the respective turret~positions; caution should be taken because the turret is active.

k. Acquire the target and depress ACTION. The INHIBIT FIRE light will flash
momentarily until the computer has stabilized.

1. Depress FIRE momentarily and release, but continue to track the target.
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mn. After a preset time ( time-of-flight) determined by the computer. the INHIBIT
FIRE light will go on signaling the operator to break track. At this time, slew the
sight to acquire the simulated impact point and depress and hold the ACQUIRE
BURST CENTROID (ABC) switch.

n. Return the sight to the target and release the ABC switch. After a short period of
time, the INHIBIT FIRE light will go out indicating that the computer has arrived
at a closed loop solution and the turret has stewed to a new position to satisfy the
revised gun orders.

o. Again taking caution with the active turret, mark the new turret position. Observe
that the change in turret position relates to an amount equal and opposite to the
distance from the target to the simulated impact point.

1p. Release ACTION.

Once airborne, there is no automatic indication of a gun aiming error during operation. If [

there is any reason to suspect such a condition, it is possible to traverse the sight to a posi-

tion to the side. where the gun will become observable, to check for gross errors.

5.0 FAILURE MODE ANALYSIS

While it is assumed that the probability of failure is small, no detailed analysis has been per-

formed to date.

Failure mode (a) has n-ver occurred in any tests made to date: the CIU has accumulated 400

hours of laboratory testing.

Failures of the type in mode (b) have occurred in three instances, none of which occurred

when the turret was being driven. Two of these were in the GFE computer. The third was in

the CIU interface circuitry and occurred during the early part of system test.

6.0 REFERENCES

Reference should be made to the safety statement, written in the Final Technical Report,

August 1973, prepared by the General Electric Company, Burlington, Vermont, under con-

tract number DAAF03-73-C0098.
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